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ABSTRACT 


This dissertation deals with-the geotechnical impli- 
cations of river valley formation in the prairies of West- 
ern Canada and the Northern United States. Many of the 
river valleys of the area are postglacial and are charac- 
terized by extensive landslide activity where the Cretaceous 
bedrock of the area has been exposed. 

Valley excavation is shown to result in the formation 
of a gentle anticlinal feature in the bedrock below the 
river valleys. Valley cross-sections, collected from dam 
Site and bridge investigations, show maximum values of 
rebound from three to close to ten percent of the valley 
depth. Upward flexure of the beds in the valley wall and 
formation of a raised valley rim results from rebound of 
the valley bottom. 

The cause of these features is studied and it is 
concluded that the major mechanism is elastic rebound due 
to stress relief. A finite element analysis of river 
valley formation indicates that drained values of Young's 
modulus and Poisson's ratio are required to produce the 
features noted in the field. Finite element results indi- 
cate that large inward movements of the valley walls will 
result from valley formation which, in a layered bedrock 
sequence with bentonite layers, will generate a concentra- 
tion of high shear strains across bentonite and other 


layers which have a low modulus. 
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The formation of the valley anticlines and flexure 
of the valley walls will result in flexural slip along 
horizontal bedding planes. Field evidence is presented to 
show that these processes have resulted in a marked loss of 
strength of the bedrock along bedding planes and bentonite 
layers. Landslide activity in the study area is shown to 
be explicable in the light of these findings. The design 
of major civil engineering works in and along the river 
valleys of the study area is shown to be influenced by the 
processes which have accompanied valley formation. 

The formation of the river valleys in the study area 
is shown to control the development of some landforms and 
tributary drainage systems in the immediate vicinity of the 


valley in areas where low surficial relief exists. 
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CHAPTER I 


INTRODUCTION 


LJ. 2 Theszs Topic 


This thesis considers the geotechnical implications 
of river valley formation in the prairies of Western Canada 
and the Northern United States. The area is underlain by 
heavily overconsolidated bedrock of Upper Cretaceous age 
which presents formidable problems to the geotechnical 
engineer. The bedrock of the area is extremely variable 
with some formations comprised primarily of clay-sized 
particles (termed "clay-shales") while others are more 
heterogeneous and contain beds of sandstone, siltstone, 
shale, coal and bentonite. The bedrock of the area behaves 
in many ways like an overconsolidated fissured clay with 
dominant horizontal planes of weakness along bedding. 

Geotechnical engineering problems are concentrated 
along the river valleys due to the marked instability of 
many of the valley walls and the concentration of population, 
and hence, engineering works, in and adjacent to the river 
valleys of the area. 

The drainage system of the area consists typically 
of relatively narrow valleys, many of which are postglacial, 
excavated several hundred feet through a relatively thin 
veneer Of glacial deposits and bedrock. Massive slumping 


frequently occurs where the bedrock has been exposed by 
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valley downcutting and the prediction of slope stability 
has proved extremely difficult. 

An important aspect of geotechnical engineering in 
the study area is the design and construction of large earth- 
fill dams, many of which have been erected over the last 
thirty years. These structures are usually founded in part 
On bedrock and the stability of the bedrock foundation has 
often been the controlling factor in the design of the dams. 
The large excavations required for these projects have often 
generated massive landslide activity and the design, and 
eventual cost, of these projects is usually controlled by 
the bedrock below and adjacent to the valley. 

Most of the dam sites in the study area are situated 
in postglacial valleys which have been formed in the last 
15,000 to 25,000 years. The valley itself and the present 
valley walls are thus relatively young on a geologic time- 
scale; it would appear likely that some of the behaviour of 
the bedrock of the study area can be explained on the basis 
of the events resulting from the formation of the river 


valleys. 


1.2 Scope of the Thesis 

An examination of the soil mechanics literature 
shows that an excavation made into an overconsolidated soil 
results in a large rebound of the excavation bottom. Sev- 
eral feet of vertical rebound has been measured below the 


base of deep excavations cut into the Cretaceous bedrock of 
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the study area at Garrison Dam (Lane and Occhipinti, 1953) 
Oahe Dam (Underwood et al., 1964) and the South Saskatchewan 
River Dam (Ringheim, 1964). 

The river valleys of the study area can be regarded 
as large scale natural excavations. Drilling records from 
damsite and bridge investigations were examined and evidence 
of vertical rebound below the valley bottom correlated. In 
all cases, where reliable marker beds existed in the bed- 
rock of the study area and sufficient drilling had been 
done to locate these marker beds, evidence of valley bottom 
rebound was noted. 

The finite element method was used to simulate valley 
formation in a homogeneous, isotropic, linearly elastic con- 
tinuum to study the effect of various input parameters upon 
the displacements of the bedrock due to valley formation. 
The implications of the bedrock behaving as a layered 
medium during valley formation were studied by the finite 
element method and from considerations of the results of 
flexural slip occurring between beds as a result of valley 
bottom rebound. 

A number of landforms occur adjacent to the valleys 
due to valley formation and their occurrence was documented 
by field surveys. Field observations were made on the bed- 
rock in-situ below and adjacent to a section of a post- 
glacial valley in the study area. 

The results of the field data and the theoretical 


analyses are applied to the problems of natural slope 
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stability, excavated slope stability and earth dam design. 


1.3 Organization of the Thesis 

Chapter II of the thesis documents the properties of 
the bedrock of the study area and reviews published data on 
slope stability and performance of major earthfill dams in 
the area. A discussion of standard coring techniques and 
the limitations inherent in this type of investigation 
procedure is given. 

Chapter III presents geologic sections from dam and 
bridge sites in the study area gathered in the course of 
this thesis. Geotechnical properties of the bedrock from 
each site are presented and literature describing rebound 
phenomena is reviewed. The possible mechanisms of valley 
bottom rebound are evaluated. 

Chapter IV describes the simulation of valley forma- 
tion using the finite element method assuming a homogeneous, 
isotropic ideal elastic rock. Data available on the labora- 
tory and field determination of the elastic properties of 
soil and rock is reviewed as are published cases comparing 
actual excavation performance to that predicted by labora- 
tory tests. The effect on displacement of the valley bottom 
and walls due to variation in Young's modulus (E) and Poisson's 
ratio (vy) of the bedrock, the in-situ stress relieved, valley 
geometry and boundary conditions of the finite element grid 


are studied. 
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Chapter V considers the results of valley formation 


in a layered bedrock sequence. The magnitude of flexural 


slip due to valley bottom rebound is analyzed for the cases 


given in Chapter III. The differential displacement, due 


to valley formation, across bentonite layers is simulated 


by the finite element method. The effects of slope flatten- 


ing in a layered bedrock sequence are considered. 


Chapter VI applies the results of 
to slope stability problems in the study 
for the design of earth dams, cofferdams 
are discussed. 

Chapter VII contains a discussion 
of river valley formation for structural 


phology adjacent to the river valleys in 


the previous work 
area. Implications 


and bridge piers 


of the implications 
geology and geomor- 


the study area. 
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CHAPTER IT 


THE BEDROCK OF THE WESTERN PLAINS OF NORTH AMERICA 


2) Lee ncroauction 

The southern portion of the three Canadian Prairie 
Provinces and much of the Great Plains of the Northern 
United States is underlain by a thick succession of rela- 
tively soft, gently dipping sedimentary strata of Cretaceous 
and Tertiary age. These strata are of similar origin and 
composition and, although classified by geologists as rock, 
often have properties more similar to soil. These formations 
often develop massive landslide activity when exposed by 
the valleys of postglacial rivers as described by Peterson 
(1958), Hardy et al. (1962), Pennell (1969) and Fleming 
Cee te 9.7.0) Jas 

The bedrock of the study area has proved to be an 
reread tei cult medium for engineering works to be 
constructed in. Examples of failures of dams, bridges and 
cuttings in the study area are numerous and a study of the 
literature shows that use of standard soil mechanics design 
procedures has in the past met with limited success (Peter- 
son et al., 1960, Fleming et al. 1970). 

In this chapter the geologic setting of the river 
valleys, the mode of formation and the lithology of the 
bedrock in the Great Plains are discussed. Engineering 


problems encountered during construction of a number of 
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major earth dams are reviewed. These problems are examined 
in the context of the engineering properties of the bedrock 
and the standard investigation and design practices in 


current use. 


2.2 Geologic Setting 

The Great Plains of Western Canada and the Northern 
United States consist generally of an area of low topographic 
relief through which river valleys have been incised several 
hundred feet deep through a thin veneer of glacial deposits 
and the bedrock of the area. This sedimentary bedrock is 
generally flat-lying and has been little disturbed by 
tectonic activity since deposition. The bedrock consists 
of a succession of marine and non-marine shales, siltstones, 
sandstones and clay-shale with minor amounts of bentonite 
and coal. 

It should be noted that the terminology used in 
naming and classifying sedimentary rock is not settled and 
no satisfactory classification system for engineering pur- 
poses presently exists (Underwood, 1967). For example, in 
describing a fine-grained, fissile, argillaceous sedimen- 
tary rock the terms shale, clay-shale, claystone and mud- 
stone have been used interchangeably by various authors. 

In this thesis the terminology used in reference material, 
both published papers and unpublished engineering reports, 
will be used for the sake of continuity. A commonly accep- 


ted definition for these descriptive terms is given by 
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Locker (1969): 

Shale: a highly indurated readily fissile rock composed 
of predominantly clay and silt sized particles. 

Clay-shale: an indurated readily fissile soft rock 
which may revert to a clay of medium to high 
plasticity and assume the characteristics of 
a highly overconsolidated clay. 

Claystone: an indurated rock or soft rock which lacks 
fissility and is composed predominantly of 
clay-sized particles. 

-Siltstone: an indurated rock or soft rock composed 
predominantly of silt-sized particles. 

Underwood (1967) discusses the classification and 
identification of shales and considers this type of rock to 
fall into two main categories: 

1. Compaction or 'soil-like' shales which have been 
consolidated by the weight of overlying sediments 
and lack significant amounts of intergranular 
cement. Most compaction shales can be excavated 
with modern earth-moving equipment and slake rapidly 
when subjected to wetting and drying cycles. The 
fine grained argillaceous bedrock of the study area 
falls into this group. | 

2. Cemented 'rock-like' shales where the cementing 
material (calcareous, siliceous, ferruginous, etc.) 
contributes markedly to the strength of the bedrock. 


These shales are usually excavated by blasting, do 
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not Slake upon wetting and drying and are generally 

not a troublesome material. None of the fine- 

grained argillaceous bedrock in the study area 

falls into this group. 

Implicit in all discussion of the bedrock of the 
study area is the fact that it has been subjected to over- 
burden loads greatly in excess of the present overburden 


load. 


2.3 Properties af the Bedrock in the Study Area 
Lithology: The strata of the study area consist 


mainly of interbedded shales, clay-shales, siltstones and 
sandstones. Beds of bentonite are common in many of the 
formations and in some formations bentonite is dispersed 
throughout the bedrock resulting in bentonitic shales and 
sandstones. Certain formations, normally those deposited 
in a deltaic or continental environment, have interbedded 
strata with little lateral continuity in the beds as the 
formations grade one into another. In other formations, 
normally those deposited in a marine environment, continuity 
of beds is more marked. However, usually only bentonite, 
inatteenes marl and coal beds show uniform thickness and 
lateral continuity over sufficient distance to be used as 
marker beds. 

Bentonite beds have been used as marker beds by 
geologists in the Bearpaw formation (Hake and Addison, 1954) 


for distances up to 20 miles and have been uSed as marker 
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beds in many other sedimentary formations. Bentonite beds 
have been traced over large distances at Fort Peck Dam in 
the Bearpaw formation and at Oahe Dam in the Pierre shale 
(Fleming et al., 1970). Bentonite layers in the Niobrara 
chalk are continuous over many miles and were used as 
marker beds at Fort Randall Dam (Underwood, 1964). Lignite 
beds were used as marker beds at Garrison Dam (Smith and 
Redlinger, 1953) and the Bowman-Haley Damsite in North 
DakOtaiL(UaorC Eto 1963D). 

Figure 2.1 shows the bedrock geology of the study 
area with the location of the major projects discussed in 
this chapter. A generalized stratigraphic section of the 
area is given in Figure 2.2. 

Origin of Bedrock: The late Cretaceous-Tertiary 
bedrock of the Canadian Prairies and the North-Central 
United States resulted from deposition of material ina 
subsiding basin which was flanked by highlands lying to 
the south and west of the study area. Erosion from the 
highlands provided the sediments which accumulated in the 
basin to the east. Volcanic activity in the highlands 
provided volcanic ash which was altered to form the benton- 
ite layers and the bentonite rich strata common in the 
study area. 

Sediments from the highlands were transported east- 
ward in streams. The depositional environment in a parti- 
cular area dictated the type of sediments which accumulated. 


In Western Canada, sediments deposited in the western 
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portion of the basin, above sea level, resulted in a complex 
interbedded sequence composed of sands, silts, clays and 
Organic materials with the coarser fractions predominating. 
The result is typical of present day deltaic deposition and 
resulted in, for example, the Edmonton formation of central 
Alberta and the contemporaneous St. Mary formation of 
southern Alberta. 

The eastern portion of the basin was covered by a 
shallow sea (termed the Pierre sea in the United States) 
which stretched from the Arctic to the Gulf of Mexico and 
in which the clay-sized particles and the finer-grained 
Silts were deposited in a marine environment to form the 
Bearpaw and Pierre formations. A more uniform clay-shale 
resulted interspersed with bentonite layers which were 
formed by volcanic ash settling to the bottom of the sea. 

Following this period of deposition, some 90 million 
years before the present, the sea retreated to the south 
and east. Thus, towards the end of the Cretaceous, depo- 
sition through most of the study area was in a continental 
environment. This continued through the Tertiary when 
formations such as the Paskapoo of central Alberta and the 
Fort Union Group of the Dakotas were deposited. 

History Subsequent to Deposition: Towards the end 
of the Tertiary period the study area was transformed into 
an area of uplift due to the orogeny which transformed the 
western part of the basin into the present Rocky Mountains. 


From middle Tertiary time onwards erosion occurred 
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and, Over a long period of time, resulted in the topographic 
Outlines of the Western Plains as they exist today. Local 
topography was modified by the Pleistocene glaciation which 
covered most of the study area. Glacial deposits were laid 
down, often in great thickness, in preglacial low areas and 
the general effect was to produce a flat, gently rolling 
topographic surface. 

The present drainage system of the area was formed 
during the retreat of the continental glaciers some 15,000 
to 25,000 years ago (Scott and Brooker, 1968, Fleming et al., 
1970). Large volumes of meltwater rapidly eroded wide, 
steep-sided channels which were often ice-marginal channels 
Or spillways of glacial lakes. These valleys are typically 
One to two miles across, several hundred feet deep and are 
steep-sided except where landslide activity has flattened 
the valley sides. The Missouri River, for example, was 
formed some 25,000 years ago (Fleming et al., 1970) and 
rapid down-cutting gave the valley its depth within a few 
thousand years. Massive slumping along the Missouri in the 
Claggett, Bearpaw and Pierre formations developed a set of 
joints and old failure surfaces which appear to largely 
govern present day slope stability. The occurrence of large 
scale old landslide topography is Porno cen in the Colorado 
and Fort Union formations. 

Landslide activity is common along many of the 
valleys in Alberta and can be correlated with bedrock type 


(Matheson 1970, Roggensack 1971). The argillaceous formations 
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deposited in a marine environment (the Bearpaw and Pierre 
formations for example) appear most susceptible to slide 
activity and valleys cut through these formations are 
characterized by continuous slide topography. These slides 
presently appear to be quiescent except when active river 
erosion is attacking the toe of the slope. Formations 
deposited under deltaic conditions, such as the Edmonton 
formation, appear much less susceptible to slide activity 
and the river valleys are typically steepsided over long 
reaches except where active toe erosion has initiated 
landslides. Tertiary sediments deposited under continental 
conditions, such as the Paskapoo formation of western 
Alberta, exhibit a low propensity for landslide activity 
and stable near-vertical slopes of 200 feet are not uncommon. 

Slide activity is common along the Missouri River in 
the Claggett, Bearpaw and Pierre formations and is less 
troublesome in the Colorado and Fort Union Group (Fleming 
ét Sale, -P970) > 

Presence of Bentonite Beds: A useful index in assessing 
the potential of a given formation to cause slope stability 
problems is the presence of a large percentage of the clay 
mineral montmorillonite and the presence of beds of benton- 
ite. Formations which contain bentonite, either as layers 
or dispersed as bentonitic shale or sandstone, are generally 
characterized by large scale landslide activity while forma- 
tions which do not contain appreciable amounts of bentonite 


are much less troublesome. Bentonite iS common in the 
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Edmonton, Bearpaw, and Pierre formations and is seldom 
found in the Tertiary Paskapoo and Ravenscrag formations 
and the Fort Union Group. 

Bentonite may be defined as a clay composed essen- 
tially of montmorillonite formed by the decomposition of 
volcanic ash (Byrne, 1955). Beds of bentonite are found 
in many of the Cretaceous formations of the Great Plains 
and strata, which contain dispersed bentonite in the form 
of bentonitic shales and sandstone, are common. 

Studies of bentonite reserves in the Province of 
Alberta have been conducted by the Research Council of 
Alberta and are reported by Byrne (1955) and Babet (1966). 
The greatest concentration of bentonite occurs in the upper 
portion of the Upper Cretaceous formations. Bentonite beds 
occur in the Bearpaw formation and are commonly only a few 
inches thick but are continuous for several miles. A per- 
sistent bed varying from 3 to 10 feet in thickness occurs 
in south-west Saskatchewan and south-eastern Alberta and is 
located about 100 feet above the base of the Bearpaw. Ano- 
ther bed of bentonite some 20 feet thick outcrops near the 
top of the Bearpaw along the Red Deer River some 20 miles 
downstream of Drumheller, Alberta. Major bentonite out- 
crops in the Bearpaw formation are noted at 17 locations in 
Alberta by Babet (1966). 

A total of 59 known outcrops of major bentonite beds 


in the Edmonton formation are listed by Babet (1966). 
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Average bed thickness reported ranges from 2 to 10 feet 
but maximum thicknesses of up to 20 feet are reported. 

Bentonite beds are reported as being abundant in 
some portions of the Bearpaw formation at Fort Peck Dam in 
Montana (Fleming et al., 1970) and range in thickness from 
a fraction of an inch to as much as 2 feet. Bentonite 
layers in the Pierre shale at Oahe Dam on the Missouri 
River range from a fraction of an inch to 18 inches (Cran- 
dell, 1958). The Degray member of the Pierre shale contains 
about 25 bentonite beds in its upper portion and stable 
outcrops of this section of the member are seldom found. 
Yudhbir (1969) considers the marked instability of this 
member to be related to the presence of these bentonite 
beds. 

Overconsolidation of the Bedrock: The long period 
of erosion which occurred during the Tertiary removed a 
considerable depth of sediment from the present bedrock 
surface. Rutherford (1928) estimated that 2000 feet of 
material have been eroded from Central Alberta during this 
period. Smith and Redlinger (1953) estimate that 1200 
feet of material has been eroded from the Fort Union Group 
at Garrison Dam in North Dakota. Melting of the continental 
glaciers following the Pleistocene ees several thousand 
feet of ice from much of the area. An estimated 4,000 feet 
of ice covered the Red Deer Valley near Drumheller, Alberta 
(Scott and Brooker, 1968). The result of unloading is an 


expansion or rebound which is a maximum at the bedrock 
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surface and decreases with depth. This rebound is considered 
to have two components (Peterson et al., 1960): 

1. elastic rebound which is a function of the stress 
removed and the modulus of elasticity (E) of the 
bedrock and occurs while the load is being removed. 
Due to the relatively short period of time during 

_ which this movement occurs, the modulus of elasti- 
city from an undrained triaxial test must be used 
to give an appropriate value of E. 

2. swelling or time-dependent rebound due to absorp- 
tion of water which occurred at a decreasing rate 
as a function of the permeability of the rock mass. 

The process of swelling can be modelled in an oedo- 
meter. The effect of loading and unloading a sample of 
sedimentary rock is shown in Figure 2.3. Initially the 
effective stress is increased on a sediment and consolida- 
tion occurs. As the load on the sample increases with 
depth of burial the void ratio e decreases and the sediment 
becomes denser and, in a saturated sediment, the moisture 
content decreases with decreasing void ratio following path 
AB. A reduction in effective stress on the sample from Po 
to pleads to an increase in void ratio (or rebound) along 
path BC. Removal of all vertical stress on the sample would 
lead to a void ratio e,. Reloading to the preconsolidation 


pressure Be follows path CD. 
























bezebiaave ad bavedes aia atsqoh dais BRSTo 
5) 8 (00eL ,.fs te nosis4s) | asnenocm 

aaorge ont 30 notsouivt 8 et Hobrw Basedex tsi. 
eit to (8) ytioisasts Io autubom ois Hrs bevomst.” 
sbevosiex pitted zi fHsol add of isiw 2auoD0 bast xs0sbed 
paiaubh emit to Bolixsq juofe ylovictsison, old oF ue, 





-itzesie to eyivbom S32 aiw250 tqemevom 2ids dobdw wi Gk 
been od teum test {nixsixs benisubas as mort ysis “aed 
.% to sulsv Sisixrqoiqgs As aVEQ OF | wh, 

“g@itoeds' of ovh Snuodsx seh. 9 at 10 pai Lows rie Z 4 
(.2eaem 2201 ea to vtilidsoamxisa sid t® noitong? B&B ae “gia 
_ ; : 7 

ee, 
‘ ; : ‘ : — x“ 
to eigmse 5 paibeolav bos paibsol to sosiie oft. m 


e%67 pniessiseb 6 76 Hstiv990 doles 1938 20 ods i‘) 


-Obs0 n6 mi Solliobom sd mso enti laws io #asDoxq « 
Beli. 
eds ylisitini .€.S oxypid oi owode el aegt ym | 
yapeteran Bns tasnihs2 5 ag beasetos i ek aeeade 
da iw medenei: oLgmsa eit 0 bo! ord BA 
| gnemibsa edt brs aoe setbeb 3 ofaey bier eds. letuuee® 
siuseiom sri4 ditemities bodeuise a ni » bas 5 
djeq baiwolfot ottst BioH paiasaz2eb adiw a SzHSY 
at mox2 elqmse of3 no seotte ovisos tis rh" Ok 
9 enods (bavodex 10) ob381 biov mi, aeneabns al a 
binow olgmse ens co Rae iO ered haga 
| | 7 wy ye 


Ne 
il a ae, y t a y 


exte@ls 200» are ss ie ay 
. : C L 


a” 


fon 6< ~< Cea 9 ve i 
= tow shut ‘eh S ay 


a : a 
i Adee oe : Bed vi ch 


1, 


voiID 
RATIO 





P, Po 


EFFECTIVE VERTICAL STRESS -o’ 
(AFTER TERZAGHI, 1955) 


INFLUENCE OF A LOAD REDUCTION ON 
A SEDIMENTARY ROCK 


BEIGE 





20 


The effect of overconsolidation on clays is described 
by Terzaghi (1955) as: 

1. The reduction in void ratio from ey EO, Jess thane" 
which is associated with an increase in shearing 
resistance. Thus the peak shear strength of an 
Overconsolidated clay iS greater than the same 
clay under the same load in a normally consolidated 
state even if the clay has been weakened by a net- 
work of joints. 

2. Under loads smaller than the preconsolidation 
pressure BL the compressibility of any overcon- 
solidated sediment is smaller than the same sedi- 
ment if normally consolidated under identical 
loading conditions. 

3. The heave of the bottom of deep excavations in 
heavily overconsolidated clays can be very important 
and troublesome because the volume increase asso- 
ciated with the removal of the last load increments 
increases with increasing values of Po: 

4. The horizontal pressure decreases less rapidly than 
the vertical pressure in a soil mass subject to 
unloading. 

Brooker and Ireland (1963) found the coefficient 
of earth pressure at rest (the ratio of lateral to vertical 
effective stress) to be a function of the effective angle 
of shearing resistance of the soil and the stress history 


of the soil as shown in Figure 2.4. An increase in the 
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overconsolidation ratio of a soil (defined as the ratio of 
the present vertical effective stress to the maximum vertical 
effective stress the soil has had on it in its geologic past) 
results in an increase in magnitude of the lateral stress in 
the soil. 

Several field observations of the behaviour of the 
bedrock in the study area indicate that high lateral forces 
exist. Smith and Redlinger, (1953) report 3 inch wide saw 
cuts in the bedrock at Garrison Dam (Fort Union Group) 
closed within 24 hours when the cuts were made below the 
minimum elevation the Missouri had ever cut. In-situ stress 
measurements made in a test drift at the South Saskatchewan 
River Damsite gave vertical stresses equal to the over- 
burden pressure but gave lateral stresses equal to 1.5 the 
vertical stress (P.F.R.A., 1951; Peterson et al., 1960). 

A study of water-content profiles at the South 
Saskatchewan River Damsite indicate that large amounts of 
rebound have occurred in the Bearpaw shale. Moisture con- 
tent profiles are shown in Figure 2.5 for three locations - 
the uplands back from the river and two locations in the 
valley. Laboratory oedometer tests indicate that the ini- 
tial moisture content of the Bearpaw shale was 14 percent 
under preconsolidation pressure of 150 tons per sq. ft. 
(Peterson, 1958). The increase in water content towards 
the surface of the bedrock indicates that point A has heaved 
Or increased in elevation with respect to point D by approx- 


imately 53 feet. 
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Valley cross-section and foundation profile with typical moisture content 
profile, Gardiner Dam, (FLEMING ET. AL. 1970) 
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Similarly it was computed that point E had risen 
36 feet and point H 26 feet. Most of this movement occurred 
in the upper part of the shale and differential movements 
should result along horizontal planes. The difference in 
water content between point B and E indicates a horizontal 
rebound between B and E of 600 feet if it is assumed all 
rebound is horizontal and the original water content of the 
shale was 14 percent. 

If the original moisture content in the shale was 
19 percent rather than 14 percent,the above values would be 
reduced by approximately half. 

These rebound values assume movement to be entirely 
vertical or horizontal. Close to the valley, movement oc- 
curred in both directions; therefore the values should be 
reduced accordingly. However they clearly indicate large 
movements have occurred both vertically and towards the 
valley. 

A study of the differing moisture content profiles, 
at a given elevation below the elevation of the river bed, 
shows a. higher moisture content under the valley than under 
the uplands indicating a larger amount of rebound (or dif- 
ferential rebound) has occurred due to the excavation of 
the valley by the South Saskatchewan River due to the 
removal of several hundred feet of additional overburden 


from the floor of the valley. 
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2.4 Slope Stability Experience in the Study Area 


Construction of major civil engineering works in 
Western Canada and the Northern United States over the 
last 50 years has shown that the Cretaceous bedrock of the 
area is an extremely troublesome material. A study of the 
literature reveals numerous cases where application of 
currently accepted soil mechanics practice met with some- 
thing less than success. Prediction of the stability of 
slopes in the bedrock of the study area has proved especially 
difficult causing Hardy et al. (1962) to conclude: 


"Particularly along the river valleys in the 
area under consideration, this deterioration of the 
soil seems to be actively progressing with the 
results that the stability of the banks is gradually 
decreasing and at many locations the factor of safety 
against failure is very close to unity. Engineering 
construction in these valleys, such as road and 
bridge work, frequently produces change in the stabi- 
lity conditions sufficient to precipitate major earth 
movements. Experience to date in the area shows that 
it is very difficult to determine by conventional 
subsoil exploration methods when such instabilities 
will develop. Experience has also shown that con- 
ventional methods of stability analysis are inadequate 
to accurately assess these slopes as they exist 
naturally or as they may be modified by engineering 
works." 


Slope Stability Concepts: A pioneer study in the 
behaviour of landslides in clay was conducted by Collin 
(1846) who found: 

1. many landslides in clay were deep rotational move- 
ments occurring along a cycloidal slip surface. 
2. many failures in excavations made into stiff over- 


consolidated clays occurred some time after the 
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excavation was completed and was due to a progres- 
Sive softening of the soil due to entry of water. 
These concepts were expanded by Terzaghi (1936), 
Skempton (1948) and Cassel (1948) who postulated that over- 
consolidated fissured materials are susceptible to a decrease 
in strength with time due to opening of fissures, softening 
of the clay due to water infiltration and a decrease in 
strength of the mass. 
The results of a typical drained direct shear test 
on an overconsolidated clay or soft rock is shown in 
Figure 2.6. Shearing resistance is mobilized as the sample 
is sheared across a failure plane until the peak shear 
strength ir) is reached. Further displacement results in 
a decrease in shearing resistance until a residual value 
(T,) is reached. A series of tests under different normal 
stresses will yield two Mohr-Coulomb failure envelopes; 
one for peak and one for residual conditions. From these 
failure envelopes the effective angles of shearing resistance 
for peak and residual (B' yp and p',) can be found as shown in 
Figure 2.6 and used in the Mohr-Coulomb failure criterion 
t'=c’ + (e6-u) tang’ (204) 
where 6 is the total normal stress and u is the pore water 
pressure. 
Microscopic observations of shear induced fabrics 
in clays (Morgenstern and Tchalenko, 1967) show that 
shearing a clay to the residual strength results ina 


distinct slickensided surface along which particle orientation 
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in the direction of shear has occurred. The particle 
alignment is responsible for the drop in strength from 
peak to residual. 

Numerous articles exist in the literature documen- 
ting landslides which occurred in overconsolidated fissured 
clays and shales at a strength well below the peak (Pope 
and Anderson, 1960; Gould, 1960; Peterson et al., 1960; 
Hardy et al., 1962). Experience has shown that stability 
analyses using the total stress method (g = 0) or the 
effective stress method using peak strength parameters 
leads to a factor of safety higher than exists in the 
field. Skempton (1964) showed that residual strength para- 
meters should be used to analyze landslides which have 
occurred along pre-existing failure surfaces and along which, 
large differential movements have occurred. 

In overconsolidated clays the drop from peak to 
residual often leads to a marked reduction in strength as 
the peak strength is governed by the stress history of the 
soil while the residual strength is primarily a function of 
the mineralogical composition of the soil (Kenney, 1967; 
Morgenstern, 1967). The cohesion at residual decreases 
typically to a value very close to zero and the angle of 
shearing resistance decreases. Some typical values of 
peak and residual strength parameters reported by Skempton 


(1964) are shown in Table 2.1. 
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TABLE 2.1 


PEAK AND RESIDUAL STRENGTHS OF OVERCONSOLIDATED CLAY 


(SKEMPTON 1964) 
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Peak Residual 

Site Soil Type Parameters Parameters 

2, Cp By C'y 

Selset, U.K. Unfissured 2205 eOenosat ees O" | 0 
boulder clay 

London area, London Clay 20° a s200p-G.ts TGs 0 

U.K ; 

Walton's Wood, Weathered mud- 212 320 .n.8 fata « 0 
U.K. stone 

Jari, West Siwalik fm. 22- iebepaneee 21 6 ceeeO 


Pakistan 


For the cases reported at typical engineering stress 
levels,the peak strengths are 3 to 4 times the residual; 
therefore the soil parameter which should be used for design 
is of extreme importance in most geotechnical engineering 
problems. 

Limit equilibrium methods can be used to analyze the 
stability of a slope (Bishop, 1955; Morgenstern and Price, 
1967). The reliability of the results of an analysis of 
this type depend primarily upon the input parameters used. 
These are: 


1. the geometry and stratigraphy of the slope. 
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2. the piezometric conditions. 

3. geometry of the failure surface. 

4, the values of g' and c' acting on the failure surface. 

Notable progress has been made in recent years in 

developing inclinometers (tiltmeters) and piezometers to 
give information on zones of movement and piezometric con- 
ditions in the bedrock of the study area (Wilson, 1970, 
Brooker and Lindberg, 1965). The chief obstacle remaining 
in the consistent successful application of limit equili- 
brium methods to the analysis of valley slopes in the study 
area is which strength parameter to use. In certain field 
Situations, such as the reactivation of an old landslide, 
stability analyses and a testing program on block samples 
taken from the failure plane show residual strength parameters 
govern the stability of the slide (Skempton and Petley, 1967). 
In the analysis of the stability of a normally consolidated, 
intact, non-fissured soil, one should use peak parameters 
(Skempton, 1964). However, study of the stability of slopes 
in the Cretaceous bedrock of the study area involves analy- 
zing a highly overconsolidated fissured material with struc- 
tural details (such as thin bentonite beds) which may con- 
trol the Stability’ of the entire ‘slope.’ Use ‘of ‘peak’ para- 
meters may lead to failure yet design on the basis of 
residual strengths may lead to excessively conservative and 
costly designs. To attempt to resolve some of these prob- 
lems, the engineering experience gained in the study of 


landslides in the study area as well as the experience 
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gained in construction by a number of major earth dams in 


the study area will be reviewed. 


(a) Slope Stability Problems in Western Canada: Landslide 


activity in the Cretaceous bedrock of Alberta has been an 
area of active research of the Department of Civil Engineer- 
ing, University of Alberta for a number of years (Brooker, 
1958; Hardy et al., 1962; Painter, 1965; Rennie, 1966; 
Hardy, 1967; Sinclair and Brooker, 1967; Hayley, 1968; 
Pennell, 1969; Thomson, 1970; Eigenbrod and Morgenstern, 
1971). Earlier studies summarized by Hardy et al. (1962), 
showed that use of peak strength parameters led to factors 
of safety well in excess of unity when the slope was 
failing. Five of the larger slides were re-analyzed by 
Pennell (1969) in view of the development of recent theories 
in soil mechanics. It was concluded: 
1. Residual strength parameters must be employed in 
the analysis of the slides to obtain a factor of 
safety of unity. Use of peak parameters produced 
factors of safety well in excess of unity. Residual 
angles of shearing resistance of bentonitic shale 
and bentonite seams in the Edmonton formation are 
approximately 8.5° (Sinclair and Brooker, 1967). 
2. The landslides which occur in the bedrock of the 
area have wedge-shaped failure surfaces with a 
nearly horizontal bottom failure surface and a 


steeply-dipping back scarp. 




























oc ba hae 
: 


it . 


y br 
aes 
ti Lids 122 5. ; 


t 
tage 
agen: 
_ ; ‘ 
9 Atte a / 


ebilehasi +ebsas) axoseon ai msoidoxd 


as need esd sitxsdiA to AS aaeree eyvsostet) sah B 


-zeenivad livid Zo snemtisged sit to forsaeos WRN 


.rsdeo01d) a1sey to sosdmunm 6 OL s3redLA to vate 


save! ,oianesA ;caul ,xesnisd iesel hs 


: +890L .yofysH ;Sael , aexoo18 bus xisioni2e * 
‘ . ewe? 
J dies 
~fzetansproM bas pordnspin ;OVveL ore yOURL 4 Be 
od 


+ 


J 
($8) .f5 to \yS1sH yd Bosizemms Boibus2 0H bys 
' 


: g#e3062 (oF bol exetemseisq cipmsise assaq to sey 


= . wher 
= 


yd besyisas-s1 sisw esbiie i 
aei1oeris tusos1 10 sneamqolsyveb edt it0 weky ai (eel) | 
: bebulsaoo 2asw 31 .evinsdoem Le 
Lie hw : 

“wt 


nt beyoiqms ed teum eros smsxsq ddpuerse eelamciiee: 


a 


%o xofo52 6 nisido Loads icing stig 30 eteylens od 


i 


beouborq axotomsi1sq 155 24 to Sal or ¥siow te sve 


| fewbteeh . .ytinu to aasoxa at {isw Aeros oom e ae 6 
eiede 2isttnotasd to sbasdetdan - pntasode Bo. aol 
i 936 an besario2 nosdionbil os ak site edinosaes 


ee. (tees .xe40038 pa ss o8.8- ie 236 shit nExOTaa) 


ae. 
, 


“so aia 29 Sooxbed adi ai xt000 dotiw apbilebusk 
- - ata 39 foosbod at a 2 ‘ ee 
i mata suai ve abies , 

AP Se ot te ~ 
a conane Rie 


( ; ; - F 
7 = & ' 9 et Be ad i 
; j ; & Gs Pig Ke ei, : a p Vi ‘ i ae 14= Ni ‘ a z a 
a : “Fe ’ 7 : 4 ( i) ‘4 


.. aren : : > a a 6 Ge’ : : 
es a ae eae. S. 5 oes ie 





oa 


3. mine slide at Taylor, .B.C., (Hardy,,_ 1967). occurred 
in the Shaftesbury formation (Lower Cretaceous) 
when the shear strength had been reduced to the 
residual along the scarp and horizontal failure 
plane. Investigation indicated the horizontal 
failure surface extended some distance out from the 
bank about 10 feet below the bed of the river. 

4. Two landslides which occurred in and near the City 
of Edmonton, the Lesueur and Grierson Hill slides, 
Occurred with peak strengths developed along the 
scarp and near residual strengths along the bottom 
failure surface in the Edmonton formation (Upper 
Cretaceous). Both slides were believed initiated 
by river erosion. At the site of the Grierson Hill 
slide in downtown Edmonton, the North Saskatchewan 
River had encroached into the bank by about 50 feet 
between the period 1887 to 1893. Recorded move- 
ments on Grierson Hill date back to 1887. 

Eigenbrod and Morgenstern (1971) studied in detail 
a landslide in the Edmonton formation at Devon, about 12 
miles west of Edmonton, Alberta, which occurred following a 
highway cut along the valley of the North Saskatchewan River. 
The slide occurred on a horizontal bentonite layer and 
crossed softened mudstone in the back slope. Three perched 
water tables were observed in the slope but no water pres- 
sures were found along the horizontal section of the slip 


surface as it was in contact with a free draining coal layer. 
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Four boreholes drilled in the backslope of the slide 
in 1969 used a Pitcher Sampler to recover four inch diameter 
core specimens of bedrock. It was noted that dark grey 
mudstone was often brecciated along the interface with ben- 
fone sandstone. Softened material was often found where 
the mudstone and sandstone bands were closely spaced. 
Samples from two bentonite layers from testholes outside 
the landslide showed distinct failure zones. 

A detailed examination of the general geology of the 
area showed the Devon slide to be located in a much larger 
and older slide which presumably occurred during valley 
formation. A borehole was drilled on the top of the valley 
wall in an area undisturbed by slumping. One bentonite 
layer was sampled which did not show failure planes. How- 
ever, a very soft thin zone was found at the interface 
between light grey sandstone and brownish mudstone. The 
bedrock in this testhole appeared harder, more intact and 
less iron-stained than that found lower in the valley. 

Stability analyses using the general non-circular 
limit equilibrium method (Morgenstern and Price, 1965) 
indicated residual parameters (g' = 8°. c''=00)) weresacting 
along the Werisonter bentonite bed forming the base of the 
slide and peak parameters of ¢g' = 33° and c' = 190 een ae 
were acting on the backslope materials. Use of these 
laboratory results gave a factor of safety of 1.01 using 


measured pore-pressures. 
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This case is instructive in that great care must be 
used in sampling to define critical bentonitic layers and 
the locations of piezometers must be chosen with care if 
meaningful results are to be achieved. Mechanisms presented 
to account for the sheared bentonite observed outside the 
slide zone are: 

(1) bedding plane slip associated with anticlinal 
rebound in response to valley formation, 

(2) differential swelling of the bentonite constrained 
between adjacent non-swelling layers, 

(3) movements during the initial slide, 

(4) shear associated with ice movement during the 
Pleistocene. 

The Cretaceous bedrock of Central Alberta (the Edmon- 
ton formation) exhibits extreme variation in composition 
and strength. Table 2.2 shows the results of strength 
tests on samples of the Edmonton formation. 

Bentonitic shale samples are seen to have a high 
peak angle of shearing resistance, typically about 20 wet 
a low residual angle of shearing resistance of about 6 Be 
Bentonite samples exhibit similar residual strength para- 
meters Cte = gunCr hs = 0) as the bentonitic shale samples. 

The extreme variability of properties of the different 
bedrock types in the Edmonton formation is shown in Table 2.3 
which contains a summary of the properties of the bedrock 
types found at the Carvel Damsite located on the North 


Saskatchewan River some 26 miles southwest of Edmonton, 
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STRENGTH RESULTS FOR THE EDMONTON FORMATION 


Name 
and 
Reference 


Lesueur 
(Sinclair 
et al., 
1966) 


University 
of Alberta 
(Sinclair 


et al, 1966) 


Sane laa 
and 
Brooker 
(1967) 


Ardley 
Damsite 
(ACW. KL, 
1968) 


Carvel 
Damsite 
(Por R SA ss; 
1969b) 


Descrip- 
CLon 


Bentonitic 
Shale 


Bentonitic 
Shale 


Clay Shale 
Bentonitic 
Shale 

Bentonite 


Bentonitic 
Shale 


Bentonite 
Bentonitic 
Shale 
Bentonitic 
Shale 
Shale 


20 


20 


20 
30 


60 


34 
15 


16 


12 


216 


125 


60 
125 


203 


210 
106 


109 


73 


Acti- 
Wy Wp vity 


2) 


44 


25 
44 


60 


oo 
20 


2h 


18 


Peak Residual 
p reli D'+ Cry 
P (psi) (psi) 
TOs 
717) nn 8.5° 0 
gi5P. 32 6.5220 
“yee ibe 
vas ne? 
si - 50 8.5° 5 
TA aes 8.5° 5 
9° WW 
339 to S-%oe5° sus 
8°-9.5° 3-8 
goA/as Nn“ 55 
AYO ecdOrraori5 4 
AYO 3'35:20-227°7 0-7 








BE 


_wornmtios rors 20% cnavest 


~~ eA A Se 8 


SS aaaee ae > i 


& 


a = - = 
eS i, ee RPI, Rt i I EAL AE IO CL ALAA EEE IE A ee 


Ieubiees  Aset ~iJoA - » -gixoesd 
7, “a '9 gw ydiv gl GW gi AOLF | 
(ieq) (Feq) | i 
Oo5 Tet, @2, LS 
o°%.e oOo YS S.s BB ORL 
0 °2.8 Sé °2.8 
or “ss s.f es 02; 
- o «(Ses et bh CSL 
2 °2.8 02 %8 | | 
Se es “br §.S bo ers 
. cr. & ) 
oe "2.01 G@ “tt 
8-£ 02.0.8 24S @€ OLS . HE 
oe $l et Sef Of OS O0L et 
as j : * 
6 °S@.er es CFD €.8 ‘IS. COL aL 
t-0 “ss-0S c£ CLh 2.6 Br EY SE 
y:3 *s ma tS ee 2 
nn ef [ = 
~ 
| i ( 1 : 
7 te ae e 
- vs f 
2 4a «9% 
- a ee J mol 


7 | 4) ren 
, ; ty , ide ; 
: Ae a 
= 7 ; = 
















ol; ph 
Poli 


-- 
hs at it Si 


TABLE 2.3 


SUMMARY OF THE PROPERTIES OF BEDROCK TYPES 


CARVEL DAMSITE ( P.F.R.A., 1969b) 
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Bedrock 


Sandstone 
Bentonitic 
Sandstone 


Calcareous 
Sandstone 


Shale 


Bentonitic 


Shale 


Bentonite 


wet 
Dec. tl. 


£35469) 
116-147 


229'(87.) 
116-144 


152 (14) 
142-161 


138 (100) 
111-145 


%30(69) 
110-143 


BU CL2) 
£1075132 


Note: 


18202) 
6=20 


14 (173) 
6-24 


6 (18) 
2-12 


ws(220) 
5-38 


19 (140) 
9-49 


DB LaoiL) 
15352 


46 (13) 
S2mo8 


76 (10) 
52-94 


58 (1) 
67 (29) 
42-85 


104 (16) 
16513 2 


Tesh) 
78-290 


Wp 
A 


23 (13) 
L6=26 


20 (10) 
14-25 


2241) 
2E 029) 
15y2%, 


26 (16) 
19-43 


33 < D7) 
18-46 


Qu 
Des sete 


POS 22) 
12622398 


394 (8) 
16-1450 


3724 (1) 
2546 (13) 
133-4984 


636 (9) 
63-1637 


230102) 
88-381 


% colloidal 


E 


p.s.i.x104 


21 (13) 
3-69.4 


Gijmheaseeaesecant modulus: taken. atrd/3r- tz 


-002 mm. 


LIND) 
L4a=-23 


21 (8) 
LS=26 


18 (1) 
34 (21) 
24-61 


44 (11) 
24-61 


60 (9) 
Si a.6 


failure strain in an unconfined compression 


test. 


(2) The upper figure is the average value for 


the number of tests conducted which is in 


brackets. 


immediately below. 








The range of results is given 
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Alberta (Figure 2.1). The site was investigated by the 
Prairie Farm Rehabilitation Agency during 1968 - 69 (P.F.R.A., 
1969b). Bedrock consists of shales (32%), bentonitic shales 
(20%), sandstone (14%), bentonitic sandstone (25%) and ben- 
tonite (5%). These figures are based upon the core recovered 
which was 85 percent of the footage drilled. The percentage 
of soft erodible materials is undoubtedly higher. Most of 
the bedrock is weakly cemented with a bentonite binder and 
slakes rapidly when immersed in water. 

A wide range occurs in both unconfined compressive 
strength ( qa ) and values of E. The average values of E 
from unconfined compression tests range from 210,000 p.s.i. 
for shale to 7,000 p.s.i. for bentonitic shale and 12,000 
p.s.i. for bentonite. Variation in shear strength is given 
in Table 2.2. 

A feature of river valleys cut through the Edmonton 
formation is the occurrence of stable steep slopes several 
hundred feet high adjacent to large retrogressive slide 
areas. The slides appear to be due mainly to active toe 
erosion of the river on the outside of meander bends as has 
been previously discussed. 

At Carvel Damsite the stability of the natural valley 
slopes were studied extensively (P.F.R.A., 1969b). The 
natural slopes in the stretch of river extending for 5 miles 
either side of the site appear relatively stable at slopes 
of 1:1 to 24:1 for heights of between 100 and 300 feet. 


Upstream of this area natural slopes average 5 1/3 : l. 
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Stability analyses were made of the existing slopes 
using the wedge type of analysis (U.S.C.E., 1951) to deter- 
mine the required angle of internal friction for a factor 
of safety of unity on an assumed horizontal failure plane 
along a bentonite layer at river level. Actual piezometric 
levels were used in the analysis from piezometers installed 
in the north abutment of the damsite. 

The south abutment at the proposed damsite is 280 
feet high with a 2%:1 slope. The stability analyses indi- 
cate the value of g' acting along the bottom failure surface 
for a factor of safety of unity would be 6.3 to 8.6 R 
(c' = 0) depending upon the strength assumed along the 
scarp of the potential failure surface. The north abutment 
is a 180 foot high slope at a slope of 1.5:1l. The value of 
é' which must act along the bottom failure surface for a 
factor of safety of unity varies from 7 to 11.7 degrees 
depending upon the strength assumed acting along the scarp 
of the potential slide. 

The strength testing, previously discussed, which has 
been carried out on the Edmonton formation indicates the 
residual angle of shearing resistance of the bentonite and 
bentonitic shale to be about 8.5°. Thus residual strengths 
can exist along bentonite layers in the Edmonton formation 
and steep high river banks will remain stable provided the 
water table remains low. Slopes with higher water tables 
slump to slopes of 5 to 6:1. If the argument that residual 


strengths exist along bentonite beds and weak layers in the 
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bedrock of the study area is accepted, then the stability 
of natural slopes depends primarily upon the groundwater 
conditions (as has been pointed out by Iverson (1970)). 

A number of landslides occurring in the Cretaceous 
clay-shales of Western Canada were investigated in the 
field by Scott and Brooker (1968). A preliminary field 
examination of eight sites in Manitoba, Saskatchewan and 
Alberta were made where both stable and failed slopes in 
the Bearpaw formation or its stratigraphic equivalents were 
present. 

Numerous bentonite beds were noted in the bedrock at 
most of the sites investigated and bentonite seams were 
observed in the toe area of many of the slides. It was 
considered that "the presence of bentonite at the base of 
a steep undercut slope is one of the prime geologic details 
contributing to slope instability" (Scott and Brooker, 
1968, p. 45). The geometry of most of the failures were, 
in part, tangent to the horizontal and the most probable 
failure surface was along bentonite layers. 

A zone of soft, moist, plastic shale was commonly 
found overlying the bentonite whereas below the bentonite 
seam the shale was hard, highly fractured and at a much 
lower water content. This phenomena was considered to be 
due to the bentonite seams retarding the downward movement 
of groundwater. 

A section through a stable part of a steep undercut 


slope in the Bearpaw formation on the St. Mary River in 
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southern Alberta is shown in Figure 2.7. The shape of the 
probable surface in two adjacent small slides are inferred 
from the exposed failure surfaces of the adjoining failed 
slopes and illustrates the effect the presence of bentonite 
layers have on the geometry of landslides in the bedrock of 
the study area. 

A study of airphotos of landslide activity along the 
South Saskatchewan River north of Cruikshank, Saskatchewan 
showed a number of fracture traces parallel to the valley 
edge as shown in Figure 2.8. Scott and Brooker (1968) 
considered these traces as possible evidence of tension 
fractures due to stress relief during formation of the 
valley. Large lateral rebound of the underlying Bearpaw 
Shale would cause the stiff, brittle glacial till over- 
lying bedrock to fracture parallel to the valley wall. 

Typical slide zones studied by Scott and Brooker 
(1968) were two to three miles from scarp to toe of slide. 
Graben structures are common at the head region of the 
slide and indicate the principal surface of movement is 
horizontal. The slides are commonly retrogressive and have 
been a major agent in the widening of the river valleys in 
the area studied. Groundwater discharge was noted in the 
slide mass above the toe of several of the slides studied. 
The relief of residual stress was considered to be an 
important factor in the instability of several of the slopes 


studied. 


et 

























eit to oqeda edt .v.S exteia ai owoda ot paeen 
bevseant ays sebiia iim tneveths owt om 3 


helist patnictbs sat to ‘esostice nie ted peed 
it, ests eewise 


etinosned to eonsestq sit toezie of 
ito isorbsd sit ni esbilebasi ‘to pera eit m0 

i . Oe ae ! } 
sai3 paols Yiivisos shilebasl to eoserxaris so youse A ) 
quvieadaniasinash , Aaeder iss to fitaon tevin <n 


yoilsy od 03 lalisisq 299574 Ssitutost? to ae la 


(88@L) xeXcoxh bas ttave .8.S8 Stspid ai nod am 


“ 


moteness to sonsbive sidh22c0aq a5 


45% 


(5 


: 
- 


} eit 20 noitsmio? paiazub + eaaxte of oubae 


weqused poiylasbau eis to brucdsa lexrstel ppasd 


im 


“evo L113 {nissip sistiad , itive odd seis Bae 
7 : . 
,{isw yoilsyv shit of fefisasg stJ0bs2 of AD 


teibord bas jto08 yd Ssibyse eaemos sbi Lea fens 
by 


-ebbie 20 803 07 gisD2e mor? eolim wares OF ows vm 


odd to foi per baer! ors we mommies sis eotstou 


ei taemevom to soptae heeptontem ert otso.timt. 


os 


5 eved bas svizestpotstet intial. ade sebile off 


i) 
7 







= | 
& 


ai ayeiisy isvixn srt to prinebiw Sct ai Sxeps. x0bs 

oft ni boton easw PHRRDE Mids subero® ~~ 
c 

ybeibuse aobite ont ae 10, sos. hisen : 





40 


= 
E 
s 
isd 
as) 
ao) 
= 
o 
= 
Y 
> 
} 
2 
Gi 
= 
o 
o 
be 
' 
< 
6 
= 
oO 
> 
® 
oe 
o) 


Horizontal Distance - Feet 
280 320 


observed, inferred 


PROFILE, ST. MARY RIVER NWI19-6-22-W4 (SCOTT & BROOKER,I968) 
FIG. 2.7/7 











/ a 17 : 
pi poesia) ane spain! 
Ok aes 
Oe ME aN 
/phais /aee~ ? 
= ; ‘ ne 
: | f. J ; 
2 a At Aree 
(/ Ee ) 
P Ve, a r 5 § 
(je: | ( 
Oy Oe 
de ger lee toa ‘ 
IG eg 
x fast ok \ 1.20 f 
SS a \r 19 fe | 
( ! \ V7 
OT Ugg 
31 y R 
y ih \ Lk 
ae bis 
ee ay eS aes [ee by aad =p 
ye 
30 29 
—1 Mile Sac aN (from R.C.A. F. Airphotos A15486 - 34,36) 
R. 10W3M 
oda = Slump block traces Sen waeTs whe Intermittent streams 
ea Fracture traces o— 7” Searp 


TOPOGRAPHY ALONG SOUTH SASKATCHEWAN RIVER crea & BROOKER, 


FIG. 2.8 








elwh AavIA YAAM 72,2 











‘ w 

: n | 

=~ ig a : D 

it eet ae hee. 

= i rat 
; - ate 
; z ea ” TiS ey “ 
/ % et 7 





“S, 
. 
jos 


(evel, AaNCORe 6 TTOD2 | 
vs 
“a 
uf 
mi 
( 
_ -< - 


41 


(b) Gardiner Dam: Gardiner Dam (formerly the South Sas- 
katchewan River Dam) is located on the South Saskatchewan 
River near Outlook, Saskatchewan (Figure 2.1). The dam was 
designed and constructed by the Prairie Farm Rehabilitation 
Agency (P.F.R.A.) of the Canada Department of Agriculture. 
Details of the project are given by MacKenzie (1960) and 
the geology of the site is discussed by Pollock (1962). A 
general plan and section of the dam is given in Figure 2.9. 
The dam consists of a compacted earth fill structure with a 
Maximum height of 210 feet and a crest length of 16,300 
feet. Construction on the dam began in 1958 and was 
finished in 1966. 

The bedrock at the site is the Bearpaw formation 
(Upper Cretaceous) and consists of a relatively soft, dark, 
highly plastic shale. Investigations into the properties 
of this shale are reported by Peterson (1954), Peterson 
(1958), Peterson et al., (1960) and Ringheim (1964). The 
shale becomes harder with depth as evidenced by decreasing 
moisture content and increasing density and shear strength. 
Based on these changes in properties,the shale has been 
arbitrarily classified as hard, medium and soft. Unconfined 
Strengths vary from 7 to’80_p.s-i.) in) the soft «shale to 7150 
to 400 p.s.i. in the hard shale. Tangent moduli from 
undrained triaxial tests vary from 7,500 p.s.i. to 18,000 
p.s.i. in the soft and hard zones respectively. Given 
access to moisture this shale will expand to form a highly 
plastic clay or, if confined, will generate swelling 


pressures up to 6 t.s.f. 
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During construction numerous slope indicators were 
installed to monitor the performance of excavated slopes 
and embankments. A number of landslides occurred during 
construction; the majority of these due to excavation 
(Ringheim, 1964). Slides commonly began with transverse 
cracking at the scarp and by an overthrust at the toe caused 
by the mass moving horizontally over the unaffected under- 
lying material. The vertical and horizontal displacements 
were generally less than 6 inches. After initial displace- 
ment the movements appeared to stabilize or reduce to a 
very low rate of movement. At several locations the move- 
ment at the toe was in a layer of bentonitic shale. The 
plane of movement was invariably in the soft shale zone, 
usually near the bottom of the zone. Analysis of the move- 
ments gave g' = 5° to 7° assuming no cohesion and the 
piezometric surface at the ground level. Slopes as flat 
as 12:1 were found to be unstable. 

The results of laboratory strength testing on the 
Bearpaw shale is shown in Table 2.4. The peak strength 
values obtained from triaxial and direct-shear tests are 
much greater than the strength values found acting in the 
field. Residual strengths from pre-cut samples were much 


closer to field values. 
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TABLE 2.4 


SHEAR STRENGTH OF BEARPAW SHALE 


Type of g' GCs Siard et) g' COD Seas) Source 

Shale P P P = 

Sort 28° 6 --- --- Peterson 
et al, 
(1960) 

Hard 35° 10 8.0°-8.4° 0.0-0.5 Weisner 
(1969) 


(c) Fort Peck Dam: Fort Peck Dam is located on the 
Missouri River in northeastern Montana (Figure 2.1). The 
project consists of a hydraulically placed earthfill dam. 
The project was designed and constructed by the U.S. Army 
Corps of Engineers from 1934 to 1940. The bedrock is the 
Bearpaw formation (Upper Cretaceous). At the damsite the 
Missouri River is in a postglacial channel some 2 miles 
wide and 300 feet deep and extensive slump topography 
occurs along the edges of the valley. 

Bentonite beds occur in the Bearpaw at this site 
ranging in thickness up to 2 feet (Fleming et al., 1970). 
Numerous faults occur in the bedrock as is illustrated in 
Figure 2.10 and are believed to be due to massive slumping 


which accompanied downcutting of the river. 
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FIG. 2.10 Geologic section through second powerhouse, Fort Peck Dam. 
(FLEMING ET. AL., 1970) 
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Fort Peck was designed when soil mechanics was a 
relatively new science and the original design slopes were 
based on experience with Gatun Dam and levees on the 
Mississippi River. Design sideslopes of the dam were 4:1 
upstream and 8:1 downstream. A failure of the fill 
occurred under the right abutment of the dam on September 
22, 1938 and was apparently due to the presence of a weak 
layer in weathered shales and bentonites of the bedrock 
(Middlebrooks, 1942). 

The adopted design slopes for excavations were 3:1 
in the weathered shale and 1.5:1 in firm shale with no 
allowance for the height of the slope. Numerous slides 
occurred during the excavation for the powerhouse and 
Spillway which continue to the present. Debris from move- 
ments on the powerhouse slope is removed each year and the 
slope is currently at about 2.5:l. Analysis of the slide 
gives a value of ¢' of about 10° acting along the failure 
surface (Fleming et al., 1970). 

Movements, both vertical and lateral, have been 
noted in the spillway since the end of construction. Tilt- 
meters were installed in 1963 and a total of 12 are now 
being read (Fleming et al., 1970). In all of these but one, 
the plane of movement has been found to coincide with a 
bentonite bed. Rates of movement of up to 0.11 ft. per 
year have been measured and it is felt that major structural 


damage will result from continued movement. 
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Following the failure of the embankment in 1938, a 
major investigation program was begun to determine the 
cause of the failure (Middlebrooks, 1942). Movement 
apparently began on a weak zone in the upper bedrock near 
the right abutment of the dam. Slide planes were found in 
the weathered bedrock and in practically all cases bentonite 
was found to be "mixed with gouge material in these zones 
of movement" (Middlebrooks, 1942). In some cases bentonite 
seams were obtervea to be "drawn out showing considerable 
movement" (op. cit.). Testholes drilled near the right 
abutment showed high hydrostatic pressures in the shale 
which were considerably in excess of the maximum reservoir 
level. 

Stability analyses following failure showed that the 
shear parameters acting in the bedrock for a factor of 


safety of unity were ¢g = 10.4° 


and C = 0.20 t.s.f. Redesign 
was based on the criteria that the factor of safety of the 
redesigned structure should be greater than 1.50 using the 
derived shear parameters and no point in the foundation 
should be overstressed as determined from elastic theory. 


The upstream slopes were flattened to 7:1 and since 


completion of the dam have behaved satisfactorily. 


(a) Garrison Dam: Garrison Dam is located about 80 miles 
upstream of Bismarck, North Dakota, on the Missouri River 
(Figure 2.1). The dam was designed and constructed by the 


U.S. Army Corps of Engineers and consists of a rolled earth- 
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fill dam with average sideslopes of 6:1. Construction 
began in 1946 and was completed in 1954. At the damsite, 
the valley is approximately 2 miles wide and 200 ft. deep. 
About 100 ft. of alluvium overlie bedrock below the river. 

The bedrock at the site is the Fort Union Group 
(Tertiary) which is a flat-lying sedimentary rock composed 
of interbedded sands, silts and clays which have been over- 
consolidated by about 1000 ft. of sediments since removed 
by erosion. The Fort Union Group covers an area of about 
120,000 square miles on either side of the Missouri River. 
Thick beds of lignite make excellent marker beds and can 
be traced for many miles. Slickensided fat (highly plastic) 
clays are usually found adjacent to the lignite beds which 
are jointed and usually water-bearing (Smith and Redlinger, 
1953). The modulus of deformation for this material was 
taken as 27,800 p.s.i. from a series of constant stress- 
ratio triaxial tests. Direct shear and undrained triaxial 
tests gave a range in strengths which indicated ¢g = 30 
degrees and c = 0.7 t.s.f. (Fleming et al., 1970). 

The Fort Union shale has a liquid limit of up to 140. 
The clay fraction consists of 85 to 90 percent illite and 
10 to 15 percent montmorillonite. Lean clay (clay of low 
plasticity) is the predominant soil type but all gradations 
from fat (highly plastic) clays to sands occur. 

Excavated slopes were designed on the basis of 
laboratory strength tests, field slope data and stability 


analyses using the Swedish Circle method. Laboratory tests 
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indicated strength parameters for design to be ¢g = 30 
degrees and c = 0.70 t.s.f. Field slopes, assuming a 
factor of safety of unity, gave a value of g equal to 20 
degrees and a cohesion of 0.70 t.s.f. The lower field 
strengths were used in slope design and no slope failures 
have occurred since construction was finished in 1948 


(Fleming et al., 1970). 


(d) Oahe Dam: Oahe Dam is located on the Missouri River 
in central South Dakota, 6 miles northwest of Pierre 
(Figure 2.1). A section of the embankment is shown in 
Figure 2.12. The project was designed and constructed by 
the U.S. Army Corps of Engineers from 1950 to 1961. Major 
problems encountered during construction were large slides 
caused by excavation and rebound in deep excavations which 
necessitated redesign of certain hydraulic structures as 
is discussed by Underwood et al. (1964) and Fleming et al. 
tLe 70) . 

The bedrock at the site is the Pierre formation (Upper 
Cretaceous) which is a dark grey to black marine clay-shale 
interbedded with bentonite layers. Mineralogical analyses 
show the shale to be composed of 30 to 60 percent mont- 
morillonite. Bentonite beds are found to contain up to 
90 percent montmorillonite. The average density is 100 
p.c.f. with an average water content of 25 percent. Liquid 
limits average 80 percent but are as high as 300 percent in 


the bentonite layers. Unconfined compression strengths on 
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FIG. 2.13 Section through right abutment slide. 


( FLEMING ET. AL., 1970) 
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5.5 inch diameter cores varied from 0 to 2550 p.s.i. 
Undrained triaxial tests gave an average E of 70,000 p.s.i. 
at a principal stress ratio of 0.75. 

Results of shear testing on samples of the Pierre 


shale are shown in Table 2.5. 


TABLE 2.5 


DIRECT SHEAR TEST RESULTS ON PIERRE SHALE, 


OAHE DAM (FLEMING ET AL., 1970) 


Rate of Peak Strength Ultimate Strength 
Sample Testing Do Cy (t.s.f.) Dy Cy 
Firm .008 - 320342 ot 2sSn3e0 19s 8275.0.6-0.9 
Shale NO007 ln. Disa 

/min. 
Bent- Ozanne N Rin ba bos Pe 
onite FA ivwis ale 
Weath- .01 in./min. TL eOte OCG 
ered 
Shale 





The strength used for the 'ultimate' strength is 
that remaining after the peak of the stress-strain curve 
has been passed and the strain has reached several tenths 
of an inch. This is not a true residual as typically 
several inches of displacement in the standard shear box 


are required to reach residual of an intact specimen 
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(Skempton and Petley, 1967). The rates of strain used are 
much higher than those required for complete drainage of 
the sample to occur during shear (Gibson and Henkel, 1954). 
Therefore, the peak values of ¢ and C shown in Table 2.5 
cannot be considered as true effective strength parameters 
as some excess pore pressure undoubtedly occurred during 
testing; the ultimate strengths are probably somewhat higher 
than the residual strength of the Pierre shale as the 
samples were not sheared all the way to the residual. It 
is unlikely that the rate of strain used would have a 
Significant effect upon the residual strength (Kenney, 1967). 
Triaxial tests were conducted on contact planes 
between bentonite and shale with the contact inclined at 
about 45 degrees with the axis of compression. All speci- 
mens failed on the contact between the bentonite and shale, 
not in the bentonite itself. A considerable scatter of 
results occurred but at least one sample exhibited a very 
low shear strength and failed at 7 percent strain. Triaxial 
tests on slickensided surfaces showed variable results. 
Three of the six samples tested showed no appreciable 
strength along slickensided surfaces. 
Large scale faulting has occurred in the Pierre 
shale near the surface with vertical displacements of 
marker beds as much as 80 feet being noted. The faults are 
believed to be due to movements of the valley wall towards 
the river valley trench at a time when the river was approach- 


ing its maximum depth of scour (Fleming et al., 1970, 






























$2 , SP aw 
’ said =) Ls 
ois beau akstse io ands ‘oe . (Waee ¥sised , 
20 epanisxh steiqmon 102 beziepst sacri anda 
.(b@@L ,fedaeH bee noedtd) tsoMe eer. tu990) OF 
@é.$ efdeT al aworle 9 Bas & 16 esuley Aes anv 
aTetoms 169 ddprstta evitogits aut 2s petobite 
paiish bexis0es°c ylbstdcvobau orpe292 rc ‘910g AGoOX 
zofpin tadwemoe yidedotq ois entpasize ejamiaiv off 
ead e& sisde sx29i4d ons to iioaaxte isubi@ 

3I «isubleex arid oF Y5W wit is borsede jon. x1 

&B ovsd biuow baeu aisxte $6 sts sad ads | 

. (haek .yennsd) diprerse [subiaor ont sob Jostmelal a 
; esnsiq J25snoOD AG bedoubsos sre atasz Letxehe® 


» 
™~ vd 


te beniiioni tosjnoo edd djiw sirmde bas st inetage 


— 


4 . ° ° yi P : 9 oe 
=ftosqe [fA .noieestqmoo -t0 eixs ats Atiw ssprpee 


.eishe brs otinoJtasd sid neswied JostnoD a3 no B 
to. t933s02 sidsiebianos A .ileest et nosed 
2" Toa 





Yiev b betidirixe olqmse 90 tase +5 Jud boarue 
IsixsixT .nisiute taisoteq X 3s polis? bas sone 


sadivest sidsizsy’ bowode sonkise bebte “aig 
{ * 
sidsicerqgs on bowoite basees slams. tes to 


——— 


i 


ysostave boblensxvlte, oa 


Ft " ra 













git. " =v 2 a oe 
e7x1eit sis ot boaauose esd emi ios? Sisor a 
%, ay ud iP My ve ' Be £ 
arte . to einonooatqnsh ‘i By igtw 9562 12 





. ome esiue? ed? spade. 


_ %  - - - aa oo if: - % 
. ebswos shuewod fIeH volte a Zn > 

: wah we wh Ar yee p 

~donongae aéw. seve 2: ond aa 

i > ig, ix Pars 


gr a. a * 
a a re ae 


si) 


p- 225-226). This theory is supported by the fact that 
boring logs show a greater number of slickensides near the 
elevation of maximum river scour. Slickensides, fault 
gouge and other features indicative of movement are much 
less numerous below depths of maximum river scour. Faults, 
with 60 to 80 feet of vertical displacement at the surface, 
show only 15 to 20 feet of vertical displacement as the 
elevation of maximum river scour is approached. 

The excavations for the inlet and outlet works and 
the powerhouse at Oahe Dam approached depths of 200 feet. 
Early design studies (U.S.C.E., 1948) recognized that the 
Stability of these deep excavations would depend upon a 
number of complex factors, namely: 

1. the erratic, closely spaced pattern of joints, 

2. the long term effect of reservoir seepage, 

3. the zones of weakness evidenced by closely spaced 
slickensides, 

4. variation in depth of weathering effects on the 
fault planes and bentonite beds, 

5. the wide range of strength resulting from the 
effects of water on the active clay minerals in 
the formation. | 

Shear strength parameters of ¢ = 11.8° and c = 0.26 
t.s.f. were adopted for initial stability studies based on 
test data from the Fort Peck and Harlan County projects. 
Direct shear tests on bentonite appeared to confirm the 


field derived results and these values were used for 
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bentonite seams or fault planes. A series of undrained 
triaxial tests gave higher results and were not used 
(Fleming et al., 1970). 

It was realized that the true effective strength of 
the bedrock was unlikely to be obtained from laboratory 
tests on small samples. For this reason a study of existing 
slopes in the Pierre shale was made and a slope chart was 
constructed (Knight, 1963). None of the existing slopes 
studied reached the height of the proposed excavations and 
stability analyses were done using the 'wedge' method (U.S.C.E., 
1951) with g = 11.8 degrees and c = 0.26 t.s.f. 

The initial design slopes for the outlet works 
approach channel were 3:1. A small slide Occurred which 
was bounded in the rear by an old fault plane and had its 
base along bentonite seams in the Oacoma facies of the 
DeGrey member of the Pierre shale. The section of the 
failure plane was partially smeared with yellow weathered 
bentonite. The slide moved slowly with a rate of about 1.3 
inch per day for the first ten days after failure. The 
effective shear strength acting along the slide was calcu- 
lated at ¢' = 8.5 degrees and c' = 0.15 t.s.f... Results 
from direct shear tests on block samples from this bentonite 
bed agreed closely with the back-figured strengths. A 
section through this slide is shown in Figure 2.13. 

Remedial measures consisted of stopping excavation 
at the toe of slope and removing some material from the top 


of the slide to reduce the driving force. This excavation 
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initiated another slow-moving slide above the first. 
Horizontal drains were installed and proved to have some 
beneficial effect upon the stability of the slide mass. 

A second major slide was activated on the left abut- 
ment by the removal of some 20 feet of weathered shale at 
the toe of slope. Minor excavation about three-fourths of 
the way up the abutment had previously been done to the 
elevation of the dam crest and several million cubic yards 
of overburden had been excavated at the upstream top por- 
tion of the abutment and placed in the valley as embankment 
Fei. 

The initial displacement was an instantaneous rupture 
with rapid displacement some 5 feet horizontally and 22 
feet vertically. The rate of movement which immediately 
followed the initial slump was about 4 feet per day; the 
rate of movement reduced in a month to less than 1 inch 
per day and practically ceased two months after the initial 
failure. A section through the slide is shown in Figure 
2.14. 

Attempts to excavate a portion of the slide mass led to a 
three-fold expansion in the area of slide activity to 

cover approximately 65 acres. Eventually the entire slide 
Mass, some 6.5 million cubic yards, was removed with the 
final slope cut at 6:1. The effective strength parameters 
governing the movement were found to be roughly the same as 


for the first slide - ¢' = 8.5 degrees and c' = 0.15 t.s.f. 
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APPROX. EXIST. GROUND LINE PRIOR TO SLIDE FINAL SLIDE REMOVAL ORIGINAL GROUND LINE 


TOP OF SHALE BEDROCK 
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FIG. 2.14 Section through left abutment slide. 


(FLEMING ET. AL., 1970) 
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FIG. 2.15 Shale Heave vs. Time at a Typical Spillway 
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Several of the more critical slopes on the project 
were eventually flattened to 9:1 or 10:1. Slope indicators 
installed on 8:1 slopes for the powerhouse excavation 
showed lateral differential movements of about an inch 
occurring across thin bentonite layers (Wilson and Hancock, 
1959). It was concluded that these displacements were not 
associated with landslide phenomena but were due to a con- 


centration of strain due to release of high lateral stress. 


Summary: A review of the published experience with land- 
Slide activity in the Cretaceous bedrock of the study area 
shows several common features: 

1. The majority of landslides involved bentonite 
layers which acted as the bottom surface of the 
slide. 

2. Excavation, either natural or artificial, initiated 
the vast majority of the slides. Attempts to flat- 
ten a failing slope were often not effective and 
served to initiate further slides. 

3. The low values of shearing resistance (typically 
d' about 8 degrees) and the slow rate of movement 
noted in most cases indicates that the majority of 
the slides are controlled by the residual strength 
of the rock. 

Recorded experience with bedrock stability in the 
study area shows the stability of natural bedrock slopes 


is controlled by bentonite beds or by other horizontal 
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planes Of weakness at, or close to, their residual strength. 
How these beds came to exist at this low strength and why 
slopes should be so susceptible to failure induced by a 


modest excavation is a point of considerable importance. 


2.5 Rebound of Excavated Surfaces 

The removal of overburden load from a rock or soil 
will result in rebound or heave of the bottom of the exca- 
vation, the amount depending upon the physical properties 
of the soil or rock and the amount of load removed. In 
Many instances the amount of rebound is small and of little 
practical significance, however in the overconsolidated 
Cretaceous bedrock of the study area values of rebound may 
be large enough to cause distress to structures placed in 
deep excavations. 

Rebound has been considered to have two components 
as has been previously discussed - undrained elastic 
rebound and swelling due to absorption of water. Values of 
the undrained modulus of elasticity, E, of the rock are 
found from standard unconfined or undrained triaxial tests, 
or from field plate bearing tests and observations on the 
behaviour of excavations or loaded areas. This topic will 
be discussed in detail in Chapter IV of this thesis. The 
swelling index (C.) from the standard oedometer test shows 
the amount of time-dependent rebound which can be expected 


from a given rock type (Casagrande, 1949). 
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Peterson and Peters (1963) give examples of the 
occurrence of rebound in spillway excavations cut in the 
Bearpaw shale of Western Canada or its stratigraphic equi- 
valent. Amounts of rebound of up to 0.8 feet have been 
reported in small spillway excavations as occurring mainly 
in the upper 10 to 15 feet of the shale. This phenomenon 
is considered to be primarily due to swelling of the shale 
as the heave is largely dependent upon the presence of 
surface water. The rate of heave is reported as being 
relatively uniform for 8 years as shown in Figure 2.15 for 
a typical case. 

The swelling (or time-dependent rebound) of the 
Bearpaw shale has important implications on the design of 
spillway structures and has necessitated the placement of 
hold-down piles to reduce movement, and damage, in the floor 
of these spillways. However, undrained elastic rebound 
undoubtedly occurred during the excavation of these spill- 
ways and the fact it is not reported indicates that instru- 
mentation capable of measuring it was not installed prior 
to the beginning of excavation. 

Rebound gauges were installed in excavation areas at 
the South Saskatchewan River Dam prior to construction. All 
gauges were installed in the hard shale zone and showed 
elastic rebound in the shale to be in the order of 0.7 
percent of the excavation depth for gauges installed 10 to 
20 feet below the final grade and 0.4 percent of the exca- 
vation depth for gauges installed 100 feet below final 


grade (Ringheim, 1964). Laboratory tests on Bearpaw shale 
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gave tangent moduli from undrained triaxial tests varying 
erone 500, p.S.2. 1n the soft shale to 20,000 p.s.i.-in the 
hard shale (Peterson, 1954). 

Large amounts of excavation rebound have been noted 
by the U.S. Army Corps of Engineers at several of the large 
dams on the Missouri River. Vertical rebound has been a 
problem at Fort Peck Dam since prior to the end of construc- 
tion. Between 1 and 2 feet of vertical rebound has occurred 
along the centerline of the spillway since October, 1937, 
as shown in Figure 2.16. The rate of movement is steady 
and shows no sign of decreasing and appears to correlate 
with slope height except where low angle faults occur. 

Fault planes appear to concentrate the movement in certain 
local zones as shown in Figure 2.17. 

Smith and Redlinger (1953) compared the elevation of 
lignite beds in two testholes at Garrison Dam where the 
Fort Union Group has been overconsolidated by an estimated 
80 to 100 t.s.f. One testhole was drilled on the east 
abutment of the dam and one on the east floodplain with a 
difference in elevation between them of about 200 feet over 
a horizontal distance of 659 feet. The testhole logs showed 
the lignite beds below the flood plain were 4.6 to 7.4 feet 
above similar beds below the valley wall. The Fort Union 
Group at the damsite is nearly flat-lying and this measured 
rebound can only be due to the cutting of the river valley. 
Laboratory tests gave an undrained modulus of elasticity of 


the bedrock of 27,800 p.s.i. and a swelling index from the 
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FIG. 2.18 TYPICAL REBOUND GAUGE OBSERVATIONS, GARRISON DAM 
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oedometer of 0.018. Computed values of rebound using these 
parameters are reported as 1.0 foot due to swelling and 1.6 
feet due to elastic rebound, a total of 2.6 feet. Lowering 
of the water table in the valley walls due to cutting of 
the valley was thought to lower the strata in the valley 
walls 1.6 feet, 0.5 feet due to consolidation and 1.1 feet 
due to elastic compression. The sum of these effects is 
4.2 feet. 

These observations show that a considerable amount 
of differential rebound will occur below the bottom of a 
river valley cut through the Cretaceous bedrock of the 
study area. A portion of the total rebound will be elastic 
behaviour controlled by the undrained modulus of the bed- 
rock and will occur as rapidly as the valley is cut. The 
remainder of the rebound will be a time-dependent swelling 
Rahs Se continue for a considerable time after the valley 
is excavated. 

About 100 rebound gauges were installed in excavation 
areas at Garrison Dam to monitor rebound behaviour as des- 
cribed by Lane and Occhipinti (1953). The depth of excava- 
for the inlet, and outlet works and the powerhouse at 
Garrison Dam approached 200 feet. Several gauges were 
placed at depths varying from 5 to 150 feet below the final 
excavation grade. Over 2 feet of rebound was observed due 
to a 175 feet deep excavation. About 60 percent of the 
rebound occurred during excavation with the other 40 per- 


cent occurring at a decreasing rate after the end of 
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excavation. The amount of rebound measured in general 
reflected the topography of the original ground with the 
gauges at the deepest excavations showing the largest re- 
bound. About half the movement occurred in the upper 100 
feet of bedrock below the excavation bottom. 

Lane and Occhipinti (1953) considered the movements 
to be composed of two main components - elastic rebound and 
swelling due to absorption of water. The laboratory derived 
moduli of E = 27,800 p.s.i. and Cy = 0.018 were used to 
predict movements assuming rebound and swelling occurred 
down to elevation 1265, some 350 feet below the excavation 
bottom. Computed values of rebound agree reasonably well 
with observed behaviour as shown in Figure 2.18. The cal- 
culations to relate observed to theoretical rebound below 
the valley floor at Garrison Dam (Smith and Redlinger, 1953) 
appear to use the same model. 

Vertical creep-like movements have been noted at 
Garrison Dam since its completion (Fleming et al., 1970). 
The rate of movement is much smaller than at Fort Peck and 
averages 0.036 feet per year in the 120 feet deep spillway 
which has 2:1 sideslopes. Movement recorded on a section 
through the powerhouse and stilling basin excavation (255 
feet deep) is somewhat smaller as shown in Figure 2.19. No 
structural damage has occurred due to the rebound but the 
current rate of movement could, in time, cause tilting or 


differential movement problems. 
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FIG. 2.19 Summary of movement, stilling basin and powerhouse, Garrison Dam. 
( FLEMING ET. AL, 1970) 
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Excavation rebound at Oahe Dam in the Pierre shale 
resulted in redesign of a number of hydraulic structures 
as described by Underwood et al., (1964). Excavation for 
the 200 feet deep stilling basin began in April,1952. 
Observations made on an underground bench mark during 
excavation showed that about 8 inches of rebound had taken 
place up to December, 1954. The behaviour of the excava- 
tion agreed fairly well with predictions based upon labora- 
tory undrained moduli of elasticity for the Pierre shale, 
which ranged from 20,000 to 140,000 p.s.i. The modulus 
determined from the movement of the underground bench mark 
Was approximately 100,000 p.s.i. About 90 percent of the 
movement occurred concurrent with the excavation and the 
remaining 10 percent took place at a diminishing rate. The 
coefficient of permeability of intact Pierre shale was 
estimated to be in the order of 1 x Voce cm. per second. 

On the morning of January 10, 1955, when the exca- 
vation was almost to final grade, a sharp ridge was noted in 
the excavation floor. A survey revealed an over-all 
average rebound of the excavation floor of 0.3 feet which 
had occurred over the last few weeks when no excavation had 
been done. A maximum differential movement occurred along 
a pre-existing fault as shown in Figure 2.20. The rebound 
departed from predicted and previously measured behaviour 
and apparently rupture had occurred along pre-existing 


"fault" planes. 
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FIG. 2.21—PLOT OF MEASURED VERTICAL MOVEMENT VERSUS TIME 
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Instrumentation was installed and behaviour of the 
excavation was observed over the next year. Upward move- 
ments observed near the surface ranged from 3 to over 10 
inches. Vertical movements observed at depths of 10 to 
40 feet below the excavation bottom ranged from 0.5 to 1.5 
inches. The deep movements showed a tendency to decrease 
with time but this tendency was not as marked as near the 
surface as is shown in Figure 2.21. 

The cause of the rebound was considered by Underwood 
et al., (1964) initially to be elastic rebound due to the 
removal of overburden. The abrupt differential movement 
of the base of the excavation was considered to be due to 
the rupture of the bottom of the excavation. Swelling of 
the shale due to absorption of water was not considered a 
Significant factor due to the insignificant quantity of 
water available and the very low permeability of the 


Pierre shale. 


2.6 Investigation Techniques 


The cases presented in the previous section show 
that stability of bedrock slopes in the study area are 
controlled by minor geologic detail. Current methods of 
field investigation used in civil engineering practice do 
not always reveal these zones of weakness (i.e. bentonite 
beds) nor do they give samples which can be tested to 
provide the appropriate strengths which control the stability 


of the valley walls in many cases. 
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The standard method of investigating the bedrock in 
the study area consists of taking continuous cores of the 
bedrock which are logged to provide information on the 
geology of the site. Selected core samples are tested in 
the laboratory to determine the engineering properties of 
the rock. The standard reference on the subject is Hvorslev 
(1949). The field investigation methods and techniques 
used today are essentially the same as outlined by Hvorslev 
Over two decades ago. 

The standard method of coring in the study area 
consists of using a truck mounted rotary drill (Failing 
1500, Mobile B-61 or equivalent) with a double-wall core 
barrel. The outer wall of the core barrel rotates and the 
rock is ground up by cutting teeth set at the bottom of 
the outer core barrel. This material is removed by circu- 
lating fluid (water or a water-bentonite slurry) or air 
which is pumped down the hollow drill-rod and passes between 
the inner and outer core barrel. The core is contained in 
the inner core barrel and is protected, to some extent, 
from the circulating fluid. The inner barrel has a swivel 
head and does not rotate during the coring operation. 

A typical core barrel of this type is illustrated 
in Figure 2.22. Core barrels of this type (the Failing 
CB-19A) are currently used by such organizations as the 
Prairie Farm Rehabilitation Agency (P.F.R.A.) and the Water 
Resources Division of the Alberta Government (W.R.A.) and 
are standard equipment among a number of private drilling 


companies in the province of Alberta. 
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The double-walled core barrel will generally yield 
good results in the harder rocks of the study area but give 
poor recovery in the weaker, softer strata. Experience of 
P.F.R.A. and W.R.A. shows that seams of soft bentonite are 
often washed out and not recovered. Poor recovery of coal 
and other badly fractured rock is due to the core fragmenting 
and then being lost through the core catcher. A typical 
experience is recorded by Wilson and Hancock (1959) at Oahe 
Dam in the Pierre shale. Inclinometers indicated lateral 
movements in thin sharply defined zones as has been pre- 
viously discussed. In hole no. 2408T;, kinks developed in 
the inclinometer casing so that after four months it was 
no longer possible to lower the inclinometer past 15 feet. 
A large diameter auger boring was made adjacent to the 
casing and a man, working from this hole, was able to 
excavate around the casing at the trouble zone and relieve 
the sharp differential strain on the casing. The ground 
was found to be displaced along a small bentonite seam 
which had not been noted during drilling. The badly 
weathered core from this hole was re-inspected but no trace 
of the 3/8 inch thick layer was found as it, in all proba- 
bility, had been washed away during drilling. 

The aim in bedrock coring is to obtain as continuous 
and complete a core recovery as possible. Values of core 
recovery (foot of core recovered for footage drilled) for 
certain dams are shown in Table 2.6. Values of core 


recovery in the study area using a conventional double- 


IT i ' 

Font 
Pd ‘ i eel 

d sx0o> bellew-el | 


pox. 1ebxsd ong pe 























(=- 


bialy ylisxenep Iliw Seats 


evie sud ser ybute oft to Bit 


to soneizeqxS§ .scsise xottoe ,19765W ond mi vel 


g1s etinotned tioz to emsse toda ewode -A; detains si 


Isom to yrovoos:x 1004 _pexsvosex son ans ‘go0 3 


pniscomps1i s109 ant oF Sib ei xAooZ ‘pemwsos72 vibsd 
iz 


$ “4 e, __ ~~ 
{sD0Lav3 = , 115i , yi ad 


Pris) $s (@2@L) AooogeH bas noaliw "vel bebx00St BF s 


Li 


f 
iptetsi bossoibat exretsmonifont -oisde ole 


q 25 


“Big nmeoc « 


ur 


sonos peniteb yiquede oids me 4 


Pima an 
at Bbeqoleveb eAnir Megas .on siod aI .bsaage 


P : * ! : ee : 
; eew +i efitnom tot szs725 tsdst o& pmleso rotemanbions sn 


tesa setemonxbtont eric zewol os oidresog 


x? 


tneostbs sbsem asw onistod tepys = 


#307 ci 


* 


















sais o3 


o+ sids 2sew ,aled stds moxzt passtow, ,fI Bo sf bn 


\ * 


; ey 
sfdyvourt ent re la “> Bey — BBN 
Pe ; jemi 


Peta. = 


eveilio1 brs snoOs 


! 


bavorp ofT .pniess ont £10 nisste isk inexothb -g 
mse stinotned Iisme 6 parole is ae) edo | 


ried 


yibsd ont . pak, LL enisub nesta need — 
Eel Ae 


eosis on sud bssoegant-ex BBW) ofa Bids mout ¢ 
& 
; tiles Lay 


Nee 


= 


<pacies fis ai .ti-es bnsot enw xoybt, Avti: oa 


t.¢ meio me 


-pnillixb ‘paitub YSWS berlasw aged 


; eaeaiuauaaeal eb aisido of ak eaitos: Aoorbed eek mis A 


eas 


3102 % eoulsy eldieesa 26. yrevoves, bape 
wh, 
102 pisssretto ae are Laon: 


ape a i “ 


TABLE 2.6 


72 


TYPICAL CORE RECOVERY USING DOUBLE WALL CORE BARRELS 


Site 


Pembina Damsite 
Alberta 


Hairy Hill Dam- 
Site, North 
Saskatchewan 
River, Alberta 


Three Rivers 
Damsite, Oldman 
River, Alberta 


Tomahawk Damsite 
North 
Saskatchewan 
River, Alberta 


Carvel Dansite 
North 
Saskatchewan 
River, Alberta 


Pomona Dam 


Kansas, U.S.A. 


Smithville Dam 
Missouri, U.S.A. 


Bedrock 


Edmonton fm. 
(Upper 
Cretaceous) 


Ribstone fm. 
(Upper 
Cretaceous) 
Lea Park fm. 
(Upper 
Cretaceous) 


Porcupine Hills 
fm. (Tertiary) 
Willow Creek 
fm. (Upper 
Cretaceous) 


Paskapoo fm. 
(Tertiary) 
Edmonton fm. 
(Upper 
Cretaceous) 


Edmonton fm. 
(Upper 
Cretaceous) 


Pennsylvanian 
limestones and 
shales 


Pennsylvanian 
limestones and 
shales 


Average 
source % Recovery 
R.M. Hardy & 75% 


Associates (1966) 


P.F.R.A. (1970b) 50 cor0 .% 
90% 
P.F.R.As (1965a) 1 O0P = pO Ss 
PF LRA. (1969c) 75% 
P.F.R.A. (1969b) 85% 
U.S.C.E. (1954) 98.9% 
U. S.CsE.0(1969b) 98.4% 
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walled core barrel (mainly the Failing CB-19A which is 10 
feet long, 3.5 inch outer diameter and 1 7/8 inch inner 
diameter) averaged about 80 percent. Two projects investi- 
gated by the U.S. Army Corps of Engineers in a hard shale- 
limestone sequence of Pennsylvanian age in Kansas and 
Missouri had core recoveries of 98.4 and 98.9 percent. It 
can be seen that only mediocre results can be obtained 
using the conventional double-walled core barrel in the 
soft Cretaceous bedrock of the study area. Excellent core 
recovery can be obtained, however, in harder rocks. 

Poor core recovery is typically found for testholes 
drilled below valley bottoms in the study area. A well 
documented example is the Pembina River Damsite Number 3 
investigated by the firm of R.M. Hardy and Associates for 
the Alberta Water Resources Division (R. M. Hardy and 
Associates, 1966). The site is located on the Pembina 
River about 1000 feet upstream of the Highway 16 bridge at 
Evansburg, Alberta. At the site, the Pembina River has 
carved a postglacial valley about 200 feet deep and 1300 
feet wide through 20 feet of glacial drift, 50 feet of 
well cemented hard Tertiary sandstone of the Paskapoo for- 
mation and about 130 feet of interbedded shale, bentonitic 
shale and sandstone of the Edmonton formation (Upper 
Cretaceous). 

A cross-section of the valley is shown in Figure 2.23 
which also shows core recovery and natural water contents at 


various elevations. The core barrel used on this project 
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was the Failing CB-19A and core recovery of about 75 per- 
cent was obtained in the abutment testholes. The testholes 
drilled in the river valley gave a very low recovery 
ranging from 37.4 to 66.3 percent indicating a soft, badly 
fractured bedrock near the bedrock surface below the valley 
floor. Water contents found below the valley floor were 
higher than those at a similar elevation below the abut- 
ments indicating a substantial amount of rebound had 
Occurred due to the formation of the valley, although the 
absence of marker beds precludes any reliable estimate as 
to the exact amount of rebound which has occurred. 

Similar low recovery ratios were noted at Ardley 
Damsite on the Red Deer River about 30 miles east of Red 
Deer, Alberta. The site has been investigated by the Water 
Resources Division, Alberta Government (A.W.R., 1968). The 
bedrock is the Edmonton formation. Testholes drilled below 
the valley floor were characterized by poor recovery, a 
higher moisture content and a greater degree of fracturing 
than the bedrock below the abutments at the same elevation. 

An excellent example of the limitations of present 
investigation techniques is given at Boundary Dam located 
on Long Creek near Estavan, Saskatchewan. The site was 
investigated during 1956 (P.F.R.A., 1956a) and a large 
number of testholes were drilled by wash-boring methods and 
double-walled core barrels. A centerline section is shown 
in Figure 2.24. No clear picture of the stratigraphy can 


be obtained despite the detailed drilling program. Two 
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zones containing a high proportion of coal clearly exist 
below the valley and in the abutments. However, one is 
unable to determine the precise nature of the upper coal 
zone and whether it is composed of one 20 feet thick coal 
bed (as indicated in RD 230 and WB 206) or several coal 
seams interbedded with sandstone and shale (as indicated 
in RD 231 and RD 233). The drilling results would appear 
to indicate little or no lateral continuity in the upper 
coal zone. 

Core trenches were excavated into the valley walls 
during construction of the dam as shown in Plates 2.1 and 
2.2. It is evident that three distinct, uniform, inter- 
bedded coal seams exist over an approximate depth of 20 
feet which are continuous over the area investigated. Thus, 
it can be concluded that standard drilling techniques were 
incapable of providing much insight as to the detailed 
geology of the site despite the considerable amount of 
investigation done. 

Somewhat better results can be obtained in the soft 
rock of the study area by use of the Denison sampier illus- 
trated in Figure 2.22 (Hvorslev, 1948) and the Pitcher 
sampler (Morgenstern and Thomson, 1971). Both of these 
core barrels use a thin walled inner barrel which extends 
to, or slightly below, the cutting teeth of the outer 
barrel which has the effect of providing greater protection 
to the core against washing and transmission of torsional 


forces during drilling. 
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Plate 2.1 View of the east abutment core trench at Boundary 
Dam Saskatchewan. Note the three separate coal layers 
and the upwarping of the beds towards the valley. 
(Courtesy of P.F.R.A. ) 





Plate 2.2 General view of the east abutment core trench shown 
in Plate 2.1. ( Courtesy of P.F.R.A. ) 
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The Pitcher sampler has been used successfully in 
the softer rocks of the Edmonton formation (Pennell, 1969), 
in the Smoky River Group in northern Alberta (Hayley, 1968) 
and in the Belly River formation east of Edmonton (Locker, 
1969). Two testholes were drilled at Carvel Damsite, 30 
miles west of Edmonton on the North Saskatchewan River, as 
part of this study. Use of the Pitcher sampler gave better 
core recovery (typically 95%) in the softer rocks of the 
Edmonton formation than was obtained using the Failing 
CB-19A double-walled core barrel (typically 80%). However, 
the Pitcher sampler was unable to sample the harder shales 
and sandstones at Carvel. Similar observations were made 
by Locker (1969) who found the Pitcher sampler unable to 
successfully sample the highly indurated Paskapoo formation. 

Thus, in summary, conventional coring techniques have 
not been successful in obtaining samples of the weaker 
members of the bedrock of the study area. A carefully 
conducted, comprehensive drilling program using conven- 
tional coring techniques will give a good overall picture 
of the geology of a site and will provide samples of the 
overall rock mass for testing but will not, except under 
exceptional circumstances, provide a complete picture of 
the minor geologic detail and softer zones which appear to 
govern the stability of the bedrock mass. 

An alternative approach is the excavation of shafts 
and drifts which allow examination of the rock in-situ and 


allow block samples to be cut from selected zones. Test 
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pits and drifts were used at Fort Peck following the 
failure in 1938 to investigate zones of movement (Middle- 
brooks, 1942). The construction of these shafts allowed 
large scale field tests to be run on undisturbed weathered 
bentonite in the drifts driven into the weathered shale. 

A test drift 365 feet long was excavated at Gardiner 
Dam (P.F.R.A., 1951) to provide samples and data on movement 
in the river valley walls and to allow insitu stress measure- 
ments. The results have been discussed previously in this 
chapter. 

A method for determining the level of slide action 
in the Pierre shale at Oahe Dam consisted of drilling 30 
inch diameter calyx holes. The stratigraphy exposed was 
inspected by lowering a man to depths of 60 feet ina 
specially designed light steel cage. Excellent data was 
obtained but the method had to be abandoned due to danger 
of falls in uncased holes (Knight, 1963). 

The poor recovery below the Red Deer River Valley 
bottom at the Ardley Damsite in central Alberta has been 
previously discussed in this chapter. The Water Resources 
Division of the Alberta Government retained E. W. Brooker 
and Associates (Brooker and Associates, 1969) to further 
investigate the bedrock conditions below the river valley 
at the site. Three large diameter testpits were drilled 
to a depth of 48 feet using a truck mounted ‘Williams Earth 
Digger' with a 48 inch diameter auger owned by Franki of 


Canada Ltd. The section of the pit in bedrock was lined 
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with a 12 gauge steel tunnel liner to provide a continuous 
48 inch liner. Liner segments were removed from the wall 
two at a time to allow unobstructed examination of a seg- 
ment Of wall 3 feet square at a time. The surface exposed 
was cleaned of disturbance, photographed and logged in 
detail. Numerous samples were obtained for index properties 
and block samples were cut for strength testing. 

The results of this investigation yielded a much 
better picture of the condition of the bedrock than the 
previous coring program which consists of 7 testholes 
drilled in the river bottom area and will be discussed in 


more detail in Chapter III. 


2.7 Discussion 

Recorded experience with the projects discussed 
shows that problems can be expected with slope stability 
and rebound of excavation bottoms when the bedrock of the 
area is unloaded. The formations which were deposited 
under marine conditions and contain a high percentage of 
bentonite and montmorillonite are especially troublesome. 

The tendency for these formations to exhibit large 
scale instability and their rebound characteristics may be 
related. Experience at Gardiner, Garrison and Oahe Dams 
shows that rebound varying from about 0.5 to 1.0 percent of 
the excavation depth will occur while excavation is in 
progress. Time dependent rebound will occur at a decreasing 


rate following the end of excavation and will yield an 
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additional amount of rebound which in a few years may equal 
Or exceed the amount of initial "elastic" rebound. Rebound 
will continue at a slow constant rate for a considerable 
period of time following the end of construction. Move- 
ments Of this type at rates of up to 0.07 inch per year 
have been monitored at Fort Peck and Garrison Dams. The 
effect of continued swelling over long periods of time is 
evident at Garrison Dam where about 2 feet of total rebound 
occurred over a period of 4 years following the completion 
of a 200 feet excavation. The observed rebound below the 
valley of the Missouri River which has been in existence 
for about 25,000 years at the site (Fleming et al., 1970) 
is between 4.6 and 7.2 feet. This additional amount of 
rebound appears to be due to continued rebound of the 
bedrock over many centuries. However, both the "elastic" 
and "continuing swell" components of rebound are apparently 
a direct function of the stress removed during unloading. 
The presence of joints or faults, such as at Fort Peck Dam, 
appear to concentrate continuing "Swelling" of the bedrock. 
This seems to be due primarily to the fact that the discon- 
tinuities in the bedrock provide a means of water access to 
the rock which, if intact, has such a low permeability as 
to be almost impermeable. The conventional interpretation 
of rebound behaviour, elastic rebound followed by swelling, 
is open to question as will be discussed in Chapter IV. 

The effects of vertical rebound have been shown to 


be increased moisture content below the valley floor and 
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poor core recovery which is apparently due to a high degree 
of jointing and fracturing in the bedrock. 

The bedrock of the study area is overconsolidated 
and field and laboratory evidence shows that the lateral 
stress is likely several times the vertical stress. There- 
fore, lateral rebound, both elastic and time-dependent 
should be greater than the vertical rebound if the bedrock 
is not highly anisotropic. A considerable weight of indirect 
evidence supports the existence of large amounts of lateral 
rebound having occurred due to valley formation. These are: 

1. the increase in moisture content at Gardiner Dam 
towards the valley which led Peterson et al., 
(1960) to conclude several hundred feet of lateral 
rebound had occurred towards the river. 

2. the presence of apparent tension fractures in the 
till parallelling the South Saskatchewan River. 

3. the fact that the majority of slides documented 
appear to have occurred with residual strength 


parameters controlling the movement. 


The occurrence of residual strength to govern the 
movement of a landslide implies that large movements have 
taken place along a clearly defined surface resulting in 
particle orientation in the direction of shear. Lateral 
expansion due to stress relief associated with valley 
formation appears to be a physically possible mechanism to 


produce this effect. 
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The fact that formations which contain a high mont- 
morillonite content and have beds of bentonite are very 
prone to sliding has been discussed. Bentonite beds have 
been shown to be widespread in the bedrock of the area and 
characteristically have a strength and modulus of elasti- 
city much lower than the surrounding rock. The majority of 
the well documented slides discussed occurred with the 
bottom of the slide moving in or along a bentonite bed. 

Unloading of the bedrock, whether by artificial 
excavation, valley downcutting or active toe erosion on 
the outside of a river meander bend, has the effect of 
releasing lateral stress. Rebound will occur, some of 
which is immediate and some of which can be considered as 
time-dependent swelling. The presence of beds with dif- 
fering moduli of elasticity will result in differential 
strains across weak layers and at unit contacts. Lateral 
displacement noted across thin bentonite beds at Oahe 
Dam by Wilson and Hancock (1959) has been discussed. 
Further evidence supporting this mechanism has been noted 
by the P.F.R.A. at three damsites located on the North 
Saskatchewan River: Carvel Damsite (Edmonton formation), 
Tomahawk Damsite located 10 miles downstream of Drayton 
Valley, Alberta (Paskapoo formation overlying Edmonton 
formation) and Hairy Hill Damsite located some 80 miles 
downstream of Edmonton, Alberta (Ribstone formation over- 
lying Lea Park formation). At each site it was noted that 


"a horizontal separation along bedding planes between 
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different bedrock types, such as sandstone and shale, occurs 
repeatedly in the core, indicating the bonding between 
layers is weak" (P.F.R.A., 1969a, 1969b, 1970). 

Therefore, the data available indicates that the 
presence of bedrock units which have differing moduli of 
elasticity can result in relatively large differential 
movements when high lateral stresses are relieved. Two 
questions must be answered before the relative importance 
of this mechanism can be assessed: 

1. what displacement must occur in the field to shear 
a sOil or rock mass to the peak and then to the 
residual strength? 

2. what magnitude of displacement across weak layers 
and at unit contacts can occur due to stress 
relief associated with valley downcutting in the 
bedrock of the study area? 

The present state of knowledge does not provide a 
definite answer to the first question. Laboratory direct 
shear tests on small samples typically require a displace- 
ment of about 0.2 inch to reach the peak in the stress- 
strain curve and displacements of several inches to reach 
the residual (Skempton, 1964). Smaller displacements (in 
the order of 5 mm.) are required to shear natural joints to 
the residual (Skempton and Petley, 1967). James (1970) 
showed that much larger displacements, in the order of 20 
to 30 feet, were required before slides in the London Clay 


reached residual strength. However, the London Clay is a 
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relatively homogeneous material without the horizontal 
planes of weakness such as are provided in the Cretaceous 
bedrock of the study area by bentonite zones and abrupt 
changes in lithology. Evidence discussed in a subsequent 
section of this thesis indicates a much smaller relative 
displacement is required in a layered medium to reach the 
residual strength. 

The magnitude of displacements due to valley down- 
cutting can be studied by use of the finite element method. 
Results giving the amount of elastic rebound due to valley 
formation require information on the values of the modulus 
of elasticity (E), Poisson's ratio (y) and coefficient of 
earth pressure at rest (K,) which act in the field. Data 
on these points is scanty and little knowledge of the 
appropriate boundary conditions exists. However, use of a 
realistic range of input parameters will yield considerable 
insight into the order of magnitude of displacements which 


have occurred. 
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CHAPTER III 


GEOLOGIC EVIDENCE OF BEDROCK REBOUND 


See eer OdUCe Lor! 

Chapter II discussed the bedrock of the Great Plains 
of Western Canada and the Northern United States. Excava- 
‘tion, either natural or artificial, results in a vertical 
rebound of the excavation bottom and inward movement of the 
excavation walls. A portion of the rebound has been seen 
to be elastic and occurs while the load is being removed. 
The remainder of the rebound can be considered as time- 
dependent rebound or swelling and can continue for many 
years after the load has been removed. 

This chapter will review the literature available 
which documents valley rebound both inside and outside the 
study area as well as the effect this phenomena has on the 
physical properties of the rock below, and adjacent to, 
valley sections where rebound has occurred. Case histories 
from damsite and bridge investigations in the study area 
show that a rise in the bedrock below the valley bottom to 
form a gentle anticline is a ubiquitous feature in the 
Study area. An upward warping of the strata adjacent to 
the valley occurs in many cases and is termed valley 
flexure. Surface expression of valley flexure is sometimes 
visible as a rise in the ground surface adjacent to the 


valley in the form of a raised valley rim. 
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Detailed observations are presented on the state of 
bedrock exposed below the North Saskatchewan River in 
Edmonton, Alberta in the pier excavations of two bridges. 
The presence of soft zones, apparently due to lateral 
movement between beds, and shear planes in a bentonite 
layer outcropping above river level are discussed. 

A review of the case histories in the study area 
indicates the dominant mechanism which forms the valley 
anticlines is vertical rebound due to release of stress 
associated with river valley formation. Time-dependent 
rebound or swelling appears to contribute markedly to the 
rebound causing the valley anticline. Buckling of horizon- 
tally bedded strata appears a possible mechanism only if 
extremely high lateral stresses, which would likely be 
tectonic in origin, exist and the strata exist as discrete, 
continuous beds with no cohesion acting between them. 
Buckling of the bedrock may have occurred at some sites in 


Britain and at Portage Mountain Dam in Canada. 


3.2 Literature Review 

Western Canada and the Northern United States are 
not unique in having deep river valleys incised through 
relatively soft, sedimentary bedrock. A number of well 
documented cases exist, largely from dam investigations, in 
Europe, England and elsewhere which provide valuable geologic 


information on the results of river valley formation. 
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Features noted include stress-relief joints, valley bulging 


and valley cambering. 


Stress-relief joints: 

The occurrence of stress-relief joints parallelling 
river valleys has been extensively documented in the geolo- 
gical literature as detailed in Chapter II. A number of 
Similar observations have been made in connection with engi- 
neering projects. 

Ferguson (1967) describes the occurrence of vertical 
joints which occur parallel to valleys cut through Devonian 
and Permian sedimentary bedrock in the Allegheny Plateau of 
the eastern United States. Subsurface exploration revealed 
these fractures to be practically non-existent below the 
valley bottom as shown in Figure 3.1. The base of vertical 
jointing in the valley walls usually ended in a horizontal 
gouge or mylonite zone. 

A similar feature was noted by Imrie (1967) at Por- 
tage Mountain Dam in north-eastern British Columbia. Ver- 
tical sheeting occurs in the bedrock parallel to the valley 
walls on both abutments but the feature only extends a few 
tens of feet away from the canyon. The bedrock consists of 
interbedded sandstones, shales and coal of the Dunlevy and 
Gething Formations (Lower Cretaceous). 

Bellport (1967) describes how leakage through stress- 
relief joints along the Green River in Wyoming threatened 


the safety of Fontenelle Dam. The system of stress-relief 
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FIG-3.| VERTICAL STRESS-RELIEF JOINTS ALONG VALLEYS IN THE ALLEGHENY PLATEAU 


( FERGUSON, 1967 ) 





© 


] 


a er oS 
SS ees eee 

















<a age iP . = 
; cae os eine 
ws 
a 
eor= ; 
ete Tori Te! Me eT Ry a Seta re ele deled = oie. y LRG os hare 

peers’ Se VSS re 2 i FS aS EN ht SEE SS BR PT to Oo Se ee Se ee 6 
: ==) 





UasTAJa YWIHOSIIA BHT Wi BYSISAV OMQUA 2TMOL IILIBA-B2IAT! IAOITASV 16 -OtF 
7 — 


(881. .wosueRs } , 2 ee. es oan — 





oT 


joints developed in the Green River formation, composed of 
alternating beds of calcareous sandstone, siltstone and 


carbonaceous shale, is shown in Figure 3.2. 


Valley Bulges: 

Valley bulges are defined by Hollingworth et al., 
(1944) as anticlinal uprises of the material comprising the 
valley floor and may consist of a simple or compound fold 
Or a series of discontinuous elongated domes. The occurrence 
of these features was first comprehensively described in the 
Northampton Ironstone Field in England. The feature is 
best developed where the valley bottoms have cut into a weak 
argillaceous formation underlying more competent strata as 
shown in Figure 3.3. Upward movement of the valley floor 
has impressed high dips on the beds along the margins of 
these structures in the Northampton Ironstone Field and has 
resulted in fracturing along the margin of the bulge in 
some cases. Evidence of plastic flow of the underlying 
soft Lias clay towards the valley center has been reported 
in some cases. 

Cambering is associated with valley bulging due to 
valleyward movement of the underlying argillaceous material. 
Competent blocks of cambered strata may become partly 
detached and move downhill. The fracturing related to 
cambering results in deep debris-filled cracks or 'gulls' 


parallel to the valley wall. 
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Right Abutment Detail. 


Plan : (2) Downstream abutment slope. 
(A) Embankment. (3) Abutment slope at dam cen- 
(B) Spillway. terline. 

(C) Canal outlet. (4) Bedrock surface at dam cen- 
(D) Road. terline. 
(E) September 3, 1965, leakage (5) Upstream abutment slope. 
and slough. (6) Lower limit of grout accep- 
(F) Open cracks. tance. 
(7) Open cracks. 

Section : (8) Approximate location of leak. 

(1) Dam crest. (9) Grout holes. 


FIG. 3.2 STRESS RELIEF JOINTS AT FONTENELLE DAM, WYOMING 
( BELLPORT, 1967 ) 
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Bulging of the Lias clays in the valley bottom near Northampton in Central England: 
1 — Lias clays, 2 — sandstones of Northampton Beds, 3 — Lincolnshire limestones, 4,5 — shales 
and limestones of the Oolite Series (Hollingworth, 1944). 


(after Hollingworth et al, 1944) 





Squeezing-out of marly shales on the valley bottom of the Lucina river near Ostrava; 
a — marly shales (Lower Cretaceous), b —- teschenite, c — contact metamorphosed slates. 
d — disturbed shale beds in the valley bottom (Zaruba, 1956). 


VALLEY BULGES DOCUMENTED IN 
EUROPE - ATTRIBUTED TO PERIGLACIAL 
CONDITIONS 
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Phenomena analogous to valley bulges had previously 
been noted in cutoff trenches constructed at damsites in 
the Pennine Mountains in the north of England. Watts (1906) 
noted foldings in the shale bedrock in the trench for Lang- 
sett Dam in the Little Don Valley and "some curiously con- 
torted snake-like bands" composed of soft material in the 
shale which were attributed by Watts to lateral pressure. 
All traces of these foldings disappeared in the lowest 
section of the 90 foot deep cutoff trench. Watts (1906, 

p.- 672) recommended that: 
"When a trench is bottomed, it should be immediately 
covered so as to prevent the floor from lifting in 
the center. It is a common occurrence in shaly ground 
for the floor to lift, especially if kept open for 
some time before refilling. When it begins to rise 
laminated beds sound "drummy" and, sometimes after 
long exposure, the effect is felt to a depth of 20 
inches." 

Lapworth (1911) describes bedrock exposed in a number 
of dam core trenches at sites located in the north of Eng- 
land. Numerous dam sections in the Carboniferous rocks of 
the Pennines showed a buckling up or wrinkling of the 
strata below the center of the valley; often extending to 
considerable depth and producing extensive fracturing and 
faulting in the rocks. The net result was a general 
opening of the rocks to freer percolation of water which 
necessitated the construction of deep cutoff trenches. 

Horizontal displacement towards the valley occurred 


at these sites as noted by Lapworth (1911, p. 38). 


"In the Derwent Valley these wrinkles are of great 
depth; and evidence of horizontal sliding is very 
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clear, pieces of shale from trial headings driven 
hundreds of feet into the hillside being perfectly 
polished by the movement." 
The disturbance of beds dies out with depth and thick intact 
units of rock appear to protect the underlying material. 

Sandeman (1918) describes wrinkles or folds in key- 
trenches at the Howden and Derwent Dams in the Derwent 
Valley. The bedrock at these sites is the Yoredale Rocks 
(Carboniferous) which consist of beds of shale ranging from 
several feet to a few inches in thickness, alternating with 
beds of sandstone usually less than 2 feet in thickness but 
Occasionally attaining 7 or 8 feet. 

Sandeman (1918, p. 155) describes the features at 
Howden Dam in the following terms: 

"The Yoredale beds are wrinkled or folded in the 
valley-bottoms and also sometimes to a less extent 
a little higher up. Sometimes the strata are curved 
into a long roll without being faulted, but in the 
bottom of the valley they are tilted up sharply, as 
shown in Figure 3.4 (author's notation) where not 
only are they raised up sharply but also the central 
part is reduced to a powdered mass." 
The zone of disturbance decreased with depth and few signs 
of disturbance were visible at the bottom of the 70 ft. 
deep trench. 

Headings driven into the hillsides at Howden Dam 
found "the strata explored consisted mostly of broken shale, 
the rifts in which were in places as much as 6 to 8 inches 
in width” (Sandeman 1918, p. 161). The bedrock under the 
hillsides was broken by numerous small step-faults dipping 


at about 60 degrees towards the valley as shown in Figure 


3.4. The downthrow of the faults was towards the valley 
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and Lapworth (1918, p.196) stated: 
"The joints and faults, instead of being parallel to 
those on the other side of the valley, were each 
inclined towards the center of the valley. Now that 
showed that those faults and cracks were connected 
with the valley itself and were therefore the effects 
of local and not regional or tectonic movements." 

Valley bulging, as defined by Hollingworth et al., 
(1944), appears to differ from the cases described in the 
Pennine Mountains in the north of England as a crushing of 
the hard competent rock occurs rather than the apparent 
plastic failure and flow which has occurred in the softer 
rocks in Northamptonshire. Rowe (1968) describes a bulged 
valley bottom at Stauton Harold Dam near Derby, England. 
Figure 3.5 shows a geological section through the dam 
centerline. The bedrock is identified as sandstones and 
shales of Carboniferous age. The overlying shales and 
mudstones are described as having weathered into clays and 
have been pushed up to the ground surface by "hill creep". 

The undrained strength of the deformed bedrock below 
the valley floor varied from 12 to 30 p.s.i. with a mean 
strength of 17 p.s.i. Overlying this material is a dark 
grey weathered shale which was fissured into lumps the "size 
ordi. ce”. 

Kellaway and Taylor (1952) show valley bulging in 
the East Midlands of England to date from Pleistocene times 
and consider periglacial effects, especially the formation 
of horizontal ice lenses below the valley floor, to be the 


primary cause of the bulging. Differential rebound was 


discarded as a mechanism in this area due to the low relief 
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in the area with valley depth typically 80 to 100 feet. 
Evidence pointing to a periglacial cause of the bulged 
valleys included undisturbed gravel terraces which show no 
Sign of folding overlying bulged valleys and the fact that 
postglacial valleys show little or no evidence of bulging 
while bulging is strongly developed in preglacial or inter- 
glacial valleys. 

Little is known about the growth of ice lenses in 
bedrock and most documented cases of disturbance of strati- 
fied materials, by former intensive frost action, occur in 
overburden (Sharp, 1942). Several cases are documented 
showing the effects of ice wedging in rock. Schaefer (1948) 
records the occurrence of involutions in the Cretaceous 
shale of the Colorado Group in Montana. Vertical fissures 
presently infilled with surficial material were noted to a 
depth of 13 feet and a number of horizontal infilled fissures 
occurred several feet down from the bedrock surface suggest- 
ing horizontal layers of ice were formed in association with 
vertical ice wedges. 

Yardley (1951) describes how frost wedging has 
lifted blocks up to 25 feet in diameter through vertical 
distances of more than 12 feet from flat exposures of 
crystalline rocks on the Canadian Shield north of Great 
Slave Lake. The movement occurred along joints and folia- 
tion planes and was best developed in fine textured quartz- 
mica schist and phyllite exposures in regions of low relief, 


where drainage is poor. The frost-thrusting of these 
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blocks was attributed to water freezing along horizontal joints. 

It is generally accepted that cambering and valley 
bulging in Britain is a phenomena of Pleistocene date (Hutch- 
inson, 1968; Higginbottom and Fookes, 1970) but the theory 
that periglacial phenomena are the cause of the bulged valleys 
has not been universally accepted in the engineering geology 
literature. Possible factors contributing to valley bulging 
listed by Higginbottom and Fookes (1970) are: 

1. preferential development of ground ice in the valley 
bottom. 

2. build-up of excess hydrostatic pressure below the 
valley floor. 

3. behaviour of swelling clays. 

4. rebound of the valley floor associated with removal 
of overburden load. 

Zaruba (1956) describes analogous phenomena noted in 
the Oltul and Tarnava Mare river basins in Rumania. Tertiary 
clayey sediments flooring these basins have been forced up 
into gentle anticlines arranged parallel with the direction 
of the river. The term "valley anticlines" has been used 
to describe these features and their origin is ascribed by 
Zaruba to "lithostatic forces, analogously to salt dome 
formation." Sections of several bulged valleys are given 
by Zaruba (1956) in the Bohemian Cretaceous formation and 
the Carpathian Flysch, one of which is illustrated in Figure 
3.3. Mechanisms postulated by Zaruba to explain the bulging 
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1. plastic deformation of the underlying clayey rocks 
under differential load. 
2. swelling due to load removal. 

The bulging at a damsite in the Carpathian Mountains 
resulted in differential movements between beds of shale as 
described by Zaruba (1956, p. 512). 

"The resulting deformation consists in many slight 
differential shifts along the bedding planes of the 
fragments of shales. In the disturbed zones these 
fragments take the shape of small lenses separated 

by smooth planes covered with clayey films. The 
movement has a plastic character as partial differen- 
tial movements do not form a uniform shear plane so 
that it does not result in a sudden sliding movement 
of the mass. .. . The instability of the slope becomes 
perceptible within a longer period of time, when the 
more or less continuous deformations reach measurable 
values." 

The occurrence of plastic deformation in the bulged 
bedrock affected the grouting of the dam foundation. High 
grouting pressures caused uplift and further disturbance of 
the shales by penetrating "along the differential shear 
planes for a long distance from the grout holes in all 
directions." 

A number of dam foundation sections showing bulged 
valleys in England are given by Walters (1962). Other 
relevant sites illustrated include Ghrib Dam, located 60 
miles south-west of Algiers in North Africa, which shows a 
well developed bulge below a valley cut through a grit 
(Sandstone) and marl sequence as shown in Figure 3.6. 


Watauga Dam, also shown in Figure 3.6, and located in 


Tennessee, shows no evidence of bulging. The valley at 
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this site has downcut through an extremely stiff quartzite- 
shale sequence which has unconfined compressive strengths 
in the range of 20,000 p.s.i. (quartzite) to 9,000 p.s.i. 
(shale). 

Ferguson (1967) noted tension fractures (previously 
described) in the valley walls and compression fractures 
below the valley floor in dam foundations exposed in the 
Allegheny Plateau of the eastern United States. The bed- 
rock is flat-lying to gently dipping sedimentary rock which 
ranges from highly variable coal measures to uniform 
Devonian shales. Most of the rocks are cemented and 
relatively hard with the weakest rock being a compaction, 
nonbedded, indurated clay. Many of the valleys were down- 
cut to their greatest extent by glacier meltwater at the 
end of the Pleistocene. 

Features noted in dam trenches below the valley 
floor included: 

1. gouge or mylonite along bedding plane breaks in 
the valley bottom. 

2. an upwarping or arching of beds towards the center 
of the valley resulting in a slight flattening of 
the dip of the beds. 

3. thrust faulting of rigid limestone beds below the 
valley floor. 

4, tension failures of near surface beds due to 


arching. 
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The features, illustrated in Figures 3.1 and 3.7, 
are ascribed by Ferguson (1967) to release of high lateral 
stresses above valley bottom level and buckling of the 


strata below the valley floor due to high lateral pressures. 


3.3 Case Histories Showing Rebound in the Study Area 


An airphoto survey of landslide activity along the 
Pembina and North Saskatchewan Rivers in Alberta (Matheson, 
1970) revealed the frequent occurrence of a rise in the 
ground surface immediately adjacent to the valley. This 
feature was visible under stereoscopic examination of air- 
photos (scale 1 inch = 2640 feet) and occurred frequently 
where the river valley was incised in a postglacial channel 
through a region of low topographic relief. A typical 
section is shown in Figure 3.8. The feature is termed a 
"raised valley rim". 

Elongated sloughs and depressions trending parallel 
with the valley wall and located several hundred yards back 
from the valley edge frequently occurred in conjunction with 
the raised valley rim. In some cases tributary gulleys were 
observed to run parallel to the main valley before entering 
it at a right angle. These drainage features are associated 
with the raised valley rim and will be discussed in Chapter 
VII of this thesis. 

The rise in ground surface adjacent to the valley is 
due to rebound of the valley floor. Evidence to support 


this theory is presented in the results of a study of 
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displacements and stresses caused by the excavation of a 
trench in an elastic material (Dibiagio, 1966). The dis- 
placements induced by the excavation are shown in Figure 3.9. 
The excavation can be seen to result in vertical rebound of 
the excavation bottom and an inward movement of the excava- 
tion walls as a function of the stress relieved. A rise in 
the ground surface immediately adjacent to the excavation 
is predicted which is reduced, for the particular geometry 
of the finite difference grid used in this study, by relief 
of high lateral stresses as indicated by high value of kK. 

The general trend of displacements observed in the 
study area - rebound below the valley bottom, evidence of 
inward movement of the valley walls and a rise in the 
ground surface adjacent to the valley - agrees with the 
displacements predicted by the theory of elasticity. 

A large amount of rebound must have occurred below 
the valley bottom to produce a raised valley rim visible on 
airphotos if the displacement pattern shown in Figure 3.9 
is even qualitatively correct. The bedrock of the study 
area is flat-lying, usually free from tectonic disturbance 
and often contains well defined marker beds. Therefore, a 
line of testholes drilled across a valley, such as for a 
dam or bridge investigation, should reveal significant 
amounts of rebound if the investigation is sufficiently 
detailed and marker beds exist at the site. 

Government agencies and private companies engaged in 


this type of work were approached and a collection of valley 
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geologic cross-sections, primarily from damsite investiga- 
tions, was compiled from drilling records. At almost every 
site where sufficient drilling had been done to detail the 
stratigraphy accurately and correlation of beds between 
testholes was possible, unmistakable evidence of rebound 
below the bed of the river was noted. A gentle rise of the 
beds towards the valley center occurs although no evidence 
of buckling or faulting of the beds was found in the test- 
hole data at any of the sites studied in the project area. 
An upward warping of the strata in the valley walls towards 
the river was noted in cases where extensive drilling had 
been done back from the valley edge. 

The limitations of conventional coring techniques 
was discussed in Chapter II. Cases exist where loss of 
core in one testhole precluded tracing of a marker bed over 
the entire valley width. However, knowledge of the deposi- 
tional environment of the bedrock, the degree of lateral 
continuity of bedding at the site and the drilling techniques 
used enables one to make a reasonable assessment of the 
amount of rebound which has occurred in most cases. 

Several other factors affect the evaluation of data 
from a particular site. The most important of these is the 
amount of drilling done on a particular site and the layout 
of the testholes. A typical preliminary drilling program 
for a damsite investigation is shown in Figure 3.10. Few 
testholes are usually drilled back from the abutments and 


the abutment testholes are usually drilled to a few feet 
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below river level. Recovery from valley bottom testholes is 
often low, as has been discussed in Chapter II, with fre- 
quent loss of core. Therefore, cases where a marker bed 

can be traced over the entire section with reliability are 
few and cases documenting the entire sequence of valley 
anticline and valley flexure are rare. 

A second factor in evaluating previously compiled 
Stratigraphic sections is the conventional engineering 
method of plotting the valley profile on a natural scale. 
Most sections have been plotted using equivalent vertical 
and horizontal scales or using a slight reduction of hori- 
zontal scale — 2,-or 3 vertical to 1 horizontal. Thus, a 
rise in a marker bed of a few feet over a horizontal dis- 
tance of several hundred feet is not immediately apparent 
unless one is looking specifically for this feature. 

In this section cases where evidence of valley re- 
bound is found in the Cretaceous bedrock of the study area 
are discussed. The geological section of the valley is 
given along with details of site location, bedrock type 
and properties, and details of the drilling program. Sites 
where evidence is not detailed clearly enough to permit 
analysis of displacements are included in Appendix A. All 


sections are viewed looking downstream. 


1. Hairy Hill Damsite: Hairy Hill Damsite is located on 
the North Saskatchewan River some 80 miles downstream of 


Edmonton, Alberta in Section 12, Township 57, Range 14 West 


Aid 


ei esfLordtees moiszod yelisv rice? yreveosA . 
if xesqadD ni bseevoe tb es 


-91t dodiw 


bed xeAlxsm 6 exredw 298s voxdteredT’ 
936 ytilidsife: ftiw soisoes siijme ead teve. DOD: 


yelisv to 


beligr 


ik A bes! ? 
ptitsenipnas Isnoitnevnaoo of al anoitosa. off 


fr e 
145923 


-~{710rl 


HOD 


i19oeVv 


yiesorve1q paitselevs ni z0jos2— Dart 


tnslsviups pmies bednad ased oved @ 















: 
* a \ ee 5, 


Le L 
es au 
s 


ae / 





¥ 


. > 


: ‘es a 
sonevpee oxfsne arts patsn@a@noob 
. 
.OIbT 918 Saxuxel? ‘yoliev Bm 


neca 


ao ef Lioxg uektew vase mvveinile of 
i - ris . iw a 
‘ ots ale ea) . 


sii 


es v. ~~ 
to noisgoubes tipita 5s potevu to — ‘tedn osix 


& ,audT 


B59 15 


ybuse 


:ivornd 6 xSave 3s9% wa 6 to bed. 


aadt 20 toorbed idan wig? ong mk ew of 


stsiboammt ton 2i test: Sberbo00 ists 






sai 
$nosixzon IL o2 Lneeeo € to —& = eisot 









~ 


5st étdd x02 vilsoitiogge prixool 


20 ashive sisiw eseso nokiosa aS 


3) <a 


? 7 ath 


1 ie ‘ : 
a :. 


ei yelisv oda to noisoes Isvkpolosp otf oo > 


sqys daoorbed noftsol edhe to alingeb ASE 








a 
a, aS 


. a? 
egdia -MS1PONG pai ileah: BHA, XD nen ba pr. 

timxog o¢ dpyons triseto Salam, fon — i 
[fA ., A xtbneggs at ‘Bebdont ous biewnies & to. 


mo besscol et of: 







stieasenio8 pasion 
i” 


jeow bE apeeit: v2 ¢ 


* 


io 






- Mh a4 


1a2 


of the 4th Meridian (12-57-14-wW4). The site was investiga- 
ted by the Prairie Farm Rehabilitation Agency (P.F.R.A., 
1970b). At the site the valley is about 200 feet deep and 
about one mile wide at the top. No significant floodplain 
exists and the river occupies most of the valley floor 
which is about 900 feet wide. A terrace lies north of the 
river some 20 to 50 feet above river level and terrace rem- 
nants lie south of the river. 

Two bedrock formations of Upper Cretaceous age exist 
at the site. The upper Ribstone formation consists mainly 
of uncemented to poorly cemented sandstone while the lower 
Lea Park formation is a grey marine shale with occasional 
thin carbonaceous sandstone and silt lenses or layers. 
Layers of very hard calcareous limestone or sandstone, 
which serve as marker beds, occur in both formations. 
Correlation of these beds indicates some 6 feet of rebound 
has occurred in the center of the valley with respect to 
the upland testholes as shown in Figure 3.1ll. 

Properties of the bedrock at this site are given in 
Table 3.1. Core recovery in the Ribstone formation averaged 
50 to 60 percent whereas in the Lea Park formation an average 
core recovery of over 90 percent was achieved. In the Rib- 
stone formation less than 25 percent of the core was greater 
than 4 inches in length; the rock quality designation (RQD) 
of this formation was 'very poor' (Deere, 1964). In the 
Lea Park formation the percentage core recovery greater 


than 4 inches in length ranged from 25 to 50 percent; a RQD 
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TABLE 3.1 


BEDROCK PROPERTIES AT HAIRY HILL DAMSITE (P.F.R.A., 1970b) 


Test or Property Lea Park Shale Ribstone Sandstone 
Average Range Tests Average Range Tests 

Wet Density 129 Lio? 529 124 T04—130 LSS 

Dec... 

Water content % 18 11+36 1340 20 an3a3 408 

Liguid limit 86 Siel iS aes He) 7333 16 

Plastic limit 21 L6-27, # 22 L4233 16 

Unconfined 134 13-427 a5 16 L-5 1. 12 

strength (p.s.i.) 

Pocket 250 40- 250 478 69 Y ow He 28 

Penetrometer 

meS.1.) 

Secant modulys Oetaee ee LO.) 30 dre kk On Leese. fe 

es. i. aX, 1Q~ )* 

% Fines .074 mm. 97 83-100 42 27 10-43 24 

% Colloidal 45 PAD Y 42 10 Se 14 

-002 mm. 
Activity Ratio 1411. 07~beb0 4l oe OU oO 7 7 


* Note: Secant modulus taken at 1/3 to 1/2 of ultimate strength in 
unconfined compression tests. 
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Bt “poor”. 

A horizontal separation along bedding planes between 
adjacent bedrock types such as sandstone and shale occurred 
repeatedly in the core. Minor fracturing and jointing with 
some slickensided surfaces was observed on some of the 
breaks in the shale core. 

Strength testing on 6 inch core samples of Lea Park 
shale gave peak effective strength parameters from triaxial 
Pests Of 6) =,43° and o'.= 0, - 23 p.-s.-i. Direct shear tests 
gave a residual angle of shearing resistance of 7.5° with 
zero cohesion after 1.0 to 2.0 inches of displacement. 

Consolidation tests indicate that the shale is 
heavily preconsolidated with an estimated preconsolidation 
pressure of 12.5 to 29 t.s.f. Swelling pressures of 15 to 
19 p.s.i. Occurred in the shale. The values of secant 
modulus obtained from unconfined compression tests are 
smaller than those found for the Bearpaw shale at Gardiner 


Or Travers Dam as shown in Table 3.2. 


TABLE 3.2 


SECANT MODULI FROM UNCONFINED COMPRESSION TESTS 


Ce re ee tae Ea ae TO I iS ERIE LES MT III I ERS AIT I IRIE CRS et ta 





E ,(p.S.15.,) 
Site Bedrock Average Range 


nnn nee UEEEEEIE EI EERIE EnEEREEEREEERIRREEREREEERREEE ne 


Travers Dam Bearpaw shale 30,000 ee 
Gardiner Dam Bearpaw shale 16,500 Tae OO = 126, 000 
Hairy Hill Lea Park shale 6,300 1200 °=+ 6-700 
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2. Carvel Damsite: Carvel Damsite is located on the North 
Saskatchewan River about 26 miles southwest of Edmonton, 
Alberta in Section 34, Township 50, Range 2, West of the 
5th Meridian. The site was investigated by the Prairie 
Farm Rehabilitation Agency (P.F.R.A., 1969b). 

The valley at the site is about 280 feet deep and 
1800 feet wide at the top. The river occupies most of the 
valley floor which is about 1100 feet wide. 

The bedrock at the site is the Edmonton formation 
(Upper Cretaceous) consisting of interbedded layers of 
sandstone, bentonitic sandstone, bentonitic shale, bentonite, 
sandy shale and coal with some calcareous and ironstone 
nodules or layers. Bentonite is a prevalent constituent 
throughout most of the beds. Details of core recovery, 
bedrock properties and a discussion of slope stability at 
the site are given in Chapter II of this thesis. 

A study of the drilling results obtained by P.F.R.A. 
indicated that 5 to 6 feet of rebound has occurred below 
the valley bottom although no distinct marker beds were 
noted below river level. Two testholes were drilled as 
part of this thesis to extend the drilling coverage on this 
Site; these testholes are shown as UA-1 and UA-2 on the 
geologic section, Figure 3.12. These two testholes were 
drilled about 1000 feet back from the valley edge and show 
a marked upwarping of the beds towards the river which can- 


not be explained on the basis of regional dip of the bedrock 
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which is about 20 to 40 feet per mile to the southwest in 
the Edmonton area (Carlson, 1967). 

The bedrock at the site is heavily overconsolidated. 
Swelling pressures of 8 to 22 p.s.i. were obtained from 


oedometer tests. 


3. Ardley Damsite: Ardley Damsite is located on the Red 
Deer River some 40 miles downstream of the City of Red Deer, 
Alberta in Sections 20 and 29, Township 38, Range 23, West 
of the 4th Meridian. The proposed structure has a crest 
length of 8700 feet and a maximum height of 220 feet. The 
Site was investigated by the Water Resources Division, 
Alberta Government (A.W.R., 1968) during 1967-68 to supple- 
ment previous investigations of P.F.R.A. 

A total of 24 diamond drill holes were cored on the 
Site during 1967-68 (1,277 feet of NX core and 1,293 feet 
of HWF) using conventional double-walled core barrels. A 
handcut to expose unweathered overburden and bedrock was 
made in the left abutment about 600 feet upstream of center- 
line. 

The bedrock at the site is the Edmonton formation of 
Upper Cretaceous age. The strata are nearly horizontal with 
a westerly dip of about 16 feet per mile. Up to 75 feet of 
till overlay the bedrock west of the river while only 10 to 
15 feet of till mantles the bedrock on the east abutment. 
Some 10 to 20 feet of alluvial sands and gravels cover the 


bedrock below the river channel. 
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A large inactive landslide exists on the right abut- 
ment of the site. A soft, apparently remoulded shale was 
encountered in some drill holes at a depth of 20 feet below 
the riverbed and this was considered to be "an active zone 
at the base of the slump." 

Shale samples from below the river were found to have 
a liquid’ limit’ of*60=80, a plastic Limit of ' 15-35" and’ a®wet 
unit weight of 110-140 p.c.f. The natural water content of 
these shales varied from 20 to 40 percent. Bentonite occurs 
in seams up to 30 inches thick below the river and has a 
relatively low strength (pocket penetrometer strengths of 
POUL 2 tL set.) with liquid’ limits off 200° 900/plastic 
limits 40 - 50 and a natural water content somewhat greater 
than the plastic limit. Direct shear tests on bentonite 
samples showed considerable variation but average peak 
angles of shearing resistance were about 33°. Residual 
angles of shearing resistance averaged 10°. Two consolidated- 
undrained triaxial tests on shale and bentonitic shale sam- 
ples gave initial tangent moduli of 12,000 p.s.i. and 8400 
p.S.i. respectively. 

The shale underlying the proposed spillway location 
on the west abutment had a natural water content of 15 to 
20 percent and wet unit weights typically over WG 5p. olis 
The higher density and lower water content of the bedrock 
below the abutments indicates that a considerable amount 


of rebound has occurred below the valley bottom. 
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A centerline geologic section showing the testhole 
logs is shown in Figure 3.13. A study of this section 
shows an apparent rise of the beds of about 8 feet below 
the river although correlation of bentonite beds is diffi- 
cult due to frequent loss of core below the valley bottom. 

No upwarping of the 20 feet thick Ardley coal seam 
in the abutments is evident from the testholes until the 
elevation of the coal outcrop in the abutment trench is 
plotted on the profile. The bed outcrops about 12 feet 
above the level predicted from testhole data. 

Three 48 inch diameter testpits were drilled into 
the valley bottom in 1969 to study the bedrock conditions 
below the valley (Brooker and Associates, 1969). Details 
of the method are given in Chapter II. 

The bedrock was divided into 4 main zones or units 
on the basis of texture and apparent degree of disturbance. 
Detailed observations of the rock were made in Testpit 1 
only. 

Pn Zone aw LAeoatOmlbebafeet«in Testpit 1: The zockfc6n- 
sists of disturbed, fractured siltstone which consists 
of hard pieces in a clay-like matrix. The siltstone is 
interbedded with soft bentonitic sandstone and thin 
beds of purer bentonite. Bedrock contacts in the upper 
portion of this zone rise at between 15 to 25 degrees 
towards the valley center and strike approximately 


parallel with the valley thalweg. 
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Zone 2 —- 26.6 to 31.5 feet in Testpit 1: This zone 
consists of black, carbonaceous, badly fractured shale, 
soft pliable bentonitic sandstone and a 6 inch bentonite 
seam at the lower limit of the zone. The lower limit 

of the sandstone exhibits some secondary structure con- 
Sisting of a blocky fracture pattern. The contacts in 
this zone are regular and well defined and the nature 

of the rock exhibits considerably less disturbance than 
in zone l. 

zone 3 - 31.5 to 44 feet in Testpit 1: The rock is 
stratified dark grey to black shale with the exception 
of silty brown shale from 38.5 to 40.5 feet. The black 
shale exhibits some fissility and is usually hard or 
very hard. The rock is relatively intact with some 
units exhibiting a random fracture pattern. The silty 
brown shale has a dry appearance, crumbles readily 
between the fingers and was observed to disintegrate 
rapidly on wetting. 

Zone 4: The three arbitrary bedrock divisions observed 
in Testpit 1 were also present in Testpit 3. At Testpit 
2, however, the upper zone identified as lumpy siltstone 
was not present. In both Testpit 2 and 3 a fourth zone 
was encountered at depths of 24 and 36 feet respectively. 
This unit, which lies below intact shale, consists of 
crushed organic shale. Blocks obtained from the auger 


had a dry, crumbly texture consisting of an unconsolidated 
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matrix containing hard black particles with shiny, 
slick surfaces. 

The stratigraphic section obtained from correlating 
testhole information with results of the large diameter 
testpits is shown in Figure 3.14. A single anticlinal rise 
of the beds towards the valley center of about 12 feet 
Occurs; this value is a minimum for the amount of rebound 
occurring at the site as a considerable amount of rebound 
would occur immediately below the edge of the valley, out- 


Side the area shown in Figure 3.14. 


4, James MacDonald Bridge, Edmonton, Alberta: The James 


MacDonald bridge was constructed across the North Saskatch- 
ewan River in downtown Edmonton, Alberta during 1970-71. 
The foundation investigation was conducted by R.M. Hardy 
and Associates Ltd. of Edmonton, Alberta. 

The river lies in a valley about 200 feet deep and 
3/4 mile wide at the site. In the valley bottom the river 
has carved a channel about 50 feet deep and 600 feet wide 
through the alluvial floodplains which cover the floor of 
the valley. 

The bedrock at the site is the Edmonton formation 
(Upper Cretaceous) consisting of sandetonee shale, carbona- 
ceous shale and coal layers. Most of the bedrock is hard 
with pocket penetrometer strengths in excess of 4.5 t.s.f.; 
some softening of the upper few feet of the shale has 


Occurred with pocket penetrometer strengths as low as 3 
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t.s.f. being recorded. Swelling pressures ranging from 
0.19 to 0.37 t.s.f£. were found from oedometer tests made 
on 4 core samples. 

The location of testholes drilled on this project 
are shown in Figure 3.15 and a centerline profile across 
the river channel is shown in Figure 3.16. About 4 feet 
of differential rebound across the river channel can be 
observed by tracing coal beds. The section includes only 
the river channel and rebound below the floodplain and 


valley wall is not shown. 


5. Capilano Bridge, Edmonton, Alberta: The Capilano bridge 


is located in east-central Edmonton several miles downstream 
of the James MacDonald site. The centerline stratigraphic 
section shown in Figure 3.17, provided by Reid, Crowther 

and Partners Ltd. of Edmonton, shows a 4 foot rise in an 
upper coal bed located 10 feet below the river bed. This 
anticlinal flexure is not evident in two deeper coal beds 


located about 60 and 80 feet below the river bed. 


6. Boundary Dam: Boundary Dam was constructed ye eho. 
on Long Creek, a tributary of the Souris River, approximately 
3 miles southwest of Estevan, Saskatchewan during the period 
Poseoel05o, (P.F.R.A. 1956a, PLF R.A.j0959a). The dam Ts an 
earthfill structure 1100 feet long and 95 feet high at maxi- 


mum section. 
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Several sites were investigated in a 10 mile reach 
of Long Creek upstream of its junction with the Souris 
River in the preceding decade. The dam was built on Site 4; 
a geologic section of the site is contained in Chapter II 
as Figure 2.24. 

Long Creek has carved a postglacial valley some 90 
feet deep and 1000 feet wide through a thin veneer of gla- 
cial deposits and bedrock of the Tertiary Ravenscrag Forma- 
tion (the equivalent of the Fort Union Group in the United 
States). The bedrock is composed of sandy to clayey shales, 
siltstones and fine-grained sandstones of Tertiary age. 
Sevéral beds of lignite coal occur along the valley and 
serve as marker beds. The beds are poorly lithified and 
more closely resemble partially indurated fine sands, silts 
and sandy clays. A preliminary geology report on the site 
fae... 1955) states “stratification 1s erratic and 
individual beds appear to dip abruptly and pinch out over 
short distances - the result of current channelling and 
later infilling during times of sediment deposition in 
freshwater." 

A study of the stratigraphy at Site 4 (Figure 2.24) 
shows a considerable amount of rebound has occurred below 
the valley bottom. A series of coal beds present at eleva- 
tion 1730-1740 shows a rise of about 10 feet below the 
valley bottom. The coal zone in the abutments (elevation 
1790-1800) shows a rise of 8 to 10 feet in the immediate 


vicinity of the valley wall on both sides of the valley. 
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The bedrock surface on either side of the valley rises 5 to 
8 feet within 100 feet of the valley edge although no sur- 
face expression of the flexure occurs. 

Thus evidence of both a valley anticline and valley 
flexure is present at this site. No raised valley rim 
exists at this site although evidence of it is found in 
behaviour of the bedrock surface. Surface expression of 
this feature may have been removed by erosion. 

Similar behaviour of the bedrock occurs at Site 2 
located some 5 miles upstream in Section 28, Township l, 
Range 8, West of the 2nd Meridian as shown in Figure 3.18. 
Rebound of at least 4 feet has occurred below the river 
valley as evidenced by alluvial removal by the stream of 
most of the lower coal seam (elevation 1760-1775). Coal 
is present below the toe of slope on both sides of the 
valley in testholes WB56 and WB43 and the bottom of the 
coal is at approximately elevation 1763. The three test- 
holes in the valley bottom (WB24, WB23 and WB25) show the 
bottom of the coal at, or above, elevation 1767. 

The spillway testholes at this site, as shown in 
Figure 3.19, show the same behaviour between testholes WB66 
and WB67 with about 5 feet of rebound occurring over a 
horizontal distance of 100 feet. 

The physical properties of the Ravenscrag formation 
are shown in Table 3.3. No values of E are reported for 
the bedrock but, in view of the low unconfined strengths, 


the bedrock should have a low modulus of elasticity. 
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TABLE «3.43 


PROPERTIES OF THE RAVENSCRAG FORMATION AT BOUNDARY DAM 


(P.F.R.A., 1956a) 





Maximum Minimum Average 


ie. Siltstone 


Wye 30.8 14.6 22.4 
Wy,2 A Eps iba tik 135 
W_.% 29 19 22 
Dry Enit weight (p.c.f.) a ta 83 99 
Unconfined strength (p.s.i.) 160 31 80 
e iS 0.63 9 ee i 
2s_ candstone 
Wy 2349 be8 20.5 
Wy,3 96 58 76 
W,, 2 20 19 20 
Dry fnit welgnt (p.c.f.) Oe 92 98 
Uncontinedsstrength: +(p.s.i.-) 113 65 86 
e 0.83 0.49 0.69 
Jew Shale 
Wn aQe2 9.4 23.0 
Wy? 180 106 134 
W,,% 29 a2 24 
Dry fnit weight (p.c.f.) 108 85 98 
Unconfined strength (p.s.i.) 176 53 oy 
e Ons 0% 56 Ost 
4. Lignite Coal 
Wns 5302 10.3 30.3 
Dry unit weight (p.c.f.) 78 60 68 
Unconfined strength (p.s.i.) 112 16 54 
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Cone ianation of the upward flexure of the beds in 
the valley wall due to valley bottom rebound is given in 
Plates 2.1 and 2.2 in Chapter II. These views of the east 
core trench at the dam show a distinct rise in the coal 
seams towards the valley. 

Indirect evidence on the effects of lateral stress 
relief was observed in the cutoff trenches excavated into 
the valley walls. The coal seams and bedrock above the 
coal seams were generally observed to be weathered and 
fissured adjacent to the valley sides, however the condi- 
tion improved with distance into the abutments. The coal 
seams and bedrock at the farthest point of penetration of 
the cutoff (about 1200 ft. back from the valley wall) 
appeared quite impervious although jointing of the coal 


and bedrock was still in evidence (P.F.R.A., 1959a). 


7. Rocky Mountain House, Site A: Rocky Mountain House 


Damsite A was investigated by Whitmore and Associates Ltd. 
(1968) for the Water Resources Division, Alberta Government. 
The site is located on the North Saskatchewan River in 
Sections 7, 8 and 12, Township 40, Range 7, West of the 
5th Meridian. The North Saskatchewan River flows north 
at the site through a valley about 120 feet deep and 2 
miles across. 

The bedrock at the site is the Paskapoo formation 
(Tertiary). The area lies close to the center of the 


Alberta syncline where strata are flat lying or have dips 
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of a few to a few tens of feet per mile. The closest known 
faulting, marking the eastern edge of the disturbed belt of 
the foothills, lies in Section 19, Township 39, Range 8; 
more than 8 miles west of Rocky Mountain House. 

The bedrock can be divided into two units: an upper 
sandstone unit of up to 103 feet in thickness and a lower 
unit consisting of siltstones, lenses of silty shale, sand- 
stones and conglomerate. A centerline geologic section is 
shown in Figure 3.20. No continuous marker beds were iden- 
Piéied at this site, however, a thin band of limestone was 
found in testholes 6 and 7. The limestone occurred some 2 
feet higher in testhole 7, below the riverbed, than in 
testhole 6 below the east abutment. The bottom contact of 
the sandstone shows a rise towards the valley center. The 
base of the sandstone unit outcrops some 37 feet above the 
level found from the testholes. This feature may be due to 
a fault or to unusual depositional environment at the time 
of deposition. However, all features at the site point to 
a considerable, although indeterminate, amount of rebound 
as having occurred. 

Some of the shale cores from the lower bedrock unit 
had shiny, smooth slickensided surfaces. Joints in the 
cores from the sandstone members of the bottom unit were 
Scarce and no slickensides were observed. 

No strength testing on bedrock samples from this 
site was reported. However, work at another damsite in 
the Paskapoo formation, located on the McLeod river some 


15 miles south of Whitecourt, Alberta (Lockwood Survey 
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Corporation, 1967), found average unconfined compressive 
strengths for sandstone and shale samples of 2430 p.s.i. 
and 3770 p.s.i. respectively. Consolidation tests on shale 


samples yielded swelling pressures from 9.5 to 28 t.s.f. 


8. St. Mary River Dam: The St. Mary River Dam was construc- 
ted on the St. Mary River in southern Alberta during 1946- 
1951 by the Prairie Farm Rehabilitation Agency (P.F.R.A., 
1961). The dam is located about 5 miles northwest of 

Spring Coulee, Alberta in Sections 1 and 2, Township 5, 

Range 24, West of the 4th Meridian. The earthfill dam has 

a crest length of 2530 feet and a maximum height of 193 

feet. 

The bedrock at the site is the non-marine St. Mary 
formation (Upper Cretaceous) which is contemporaneous with 
the Edmonton formation. The beds dip to the west at approx- 
imately 1 to 2.5 feet per 100 feet and consist of interbedded 
sandy shales and clayey sandstones. 

A geologic section through a line of testholes 
drilled 700 feet downstream of centerline is shown in 
Figure 3.21. Two layers of carbonaceous shale serve as 
marker beds and show a gentle rise of about 1 or 2 feet 
below the river channel. 

Unconfined compression tests conducted on core sam- 
ples (P.F.R.A., 1945) showed an average strength of 2010 
p.s.i. and an average modulus of elasticity of 1.0 x 10° 


Peeat.'with asmange from 0.2 to 3.8.x 106 p.s.i. Measured 


yes 


eviseou1gmo2 


ok.e-q QELS Io 


a3te03 noite bi lashed 


es of @.0 mort aoysenetg orbs teow 


si<a.2 
-“ouLsenmoD 26 


-3$0{ prise sixsdsiA aseriscoe ai teva vast 492 


A poitstilidsedont mxrsF oinies® 0 


| | bars . 
on estiim @ 2ueds botsoo£ et mab ot - 


re Te; Pee 


ae 
(2 @inenwot 3 


nd 4 W enOs 
“ZOIddsS 35 


bshbedistni to tekenoo bis test 001: eq ‘tee8 a 


4 


J2oW 


4 
‘ 


an Di Sil 


LS 


area 


yors 


tLrréM- 


LOCH: 


ie 


asiqmse olede brs sqorebt a 


Or 


Sit of 


iroD 


$ pas f atedeas nt sotedia , ote 


in 


2f docicdw (quossste x9 


qib abed: od? ‘psbhliadschd 


-eadosabase yeyelo Bam 


TEL bLt9M ase ait io 


n 6 DAB 3993 O£26S to dtpast 



























1h aly: ni 


mes, f 


hent troony SPBIOVS bauot al ae pas £ 


er — 


ylovisbeaen Ess" bs 


ie 





» 


a? 
a; 
. 


a 


a 
hee 

_ ~ Va 
42 ofP 2st wove yom 
= mx) 1 


a is 
he 


2a! 


sae 


ial 
eile 


‘ 
dl 
iain 
7 
— 
a 


~ 


T 


2it otie eft 3a *D0TRE 


sal 
7 


Ny 


eefonsast i090 anit 5 paonds Hot309R OSES 
y - 


‘mk nwode ef onkitoaned fe oe) msgxienwob | | 

al 
26 Syaoe atarta svesssneditto 2 essai owt Be 
$993 Ss xo [ 1uo0ds sovedts etanse 6 | 


“mse S109 no .betoy 








ri es 


i 
a 


138 


Ig € 9ls ‘We'd d -AS3LYNOO 
VHS SNOZIVNOaUYD ae 


3NOLSONVS EJ 


SNITHY3SLN39 30 WV3YLSNMOQG 


‘Ld O02-NOIL93S 91907039 aqwus [/// 
N3xO¥s 34N0O WHIANTIY | ad 
WYG AUVW ‘LS { Ee 
GN3937 
00 +2! OS+ii 00+*1i OS +O! 00+ 01 


"wo GIN “ISS 2 O6eEe 





SSS eer ee 


AZUD -3N18 - STIVHS AQNYVS 








OOre 





of ee ~ O3SU3HLV3M ATOVS "ARTY -3678 “wo -32vKST 





| A3uU9 -3NI8 -31VHS AGNYS ; 


+ —— $< -— —_ —- - — a 


AZY9-3N18 *HuYO -30VHS * 
; ( 


























| 
A3u9_9N78'"89 "CIN - ASS 








( : 
itd - .  <- =. ih mm = f ; : he ———_———A3ue 3018 “eo “O3aN-15s E owt 
Y ; nth = 
Wa r | Oe mee. S 
%, i : > 
j | 
; A3u9 3N18 ‘wuva -3 1vHS § z 
+ | ‘ 
ea er Ra ITUID 1501 H5HOD NINOUE Ort 


| 
| 

Sh) Se Stee’ 
| 











“ar 
, 
S) 
Y | | ai ee 
beet ia | ee -A3u9 anna eo “aaM' ssl] | oye 
| 
-----—j}--—_4 ite 
: ; | | A389 3076 '3TVHS © é 
eee he FS et ‘ee ee 
i " i or Lies 20k Bis cei Se / 





i-... nes! ae 


zi 


JAW AUVA 4S | 


=  .__ ole Ea oe oe oe oe eo oe ee. Se - OGSrt 





é 
. 





a 
=! SS as 


es =r 


— a: ss 
ee — 


Pde | 


i amas a 


ee 
<i el 


eS a a 
: F 


: 
' 
| 
- ye oe " y 
aa + a 
| 
' 
; 
<- 


a a = a 


-—. 
j * 
a 


' 
' 
' 
: 


« 


Le 
| Se a 
a 


bene 











a. ae aa Rae 
: 


? 
L “ el ~ —— CT GI A ER EN A A ee Ge 
=a “ Se] 
; CuSS3 
WA0 YAARM .T2 - 
WI SOAR iene | WUiVuUIA 4%) 


3A COT -MOITOZE DIDO JOAA ~ 


RBVISAITNID W MAIRTEYWOU et a 


AVA ~ PERTRVOS 


isin .*** | | 


suena AXY 
auoteomae EJ 


UO RDAMDERED SS 


—. L 





e 





_.. SaTaaw ig 


4 





+~ -_——— 


139 


values of Poisson's ratio ranged from 0.02 to 0.4 with an 
average value of 0.128. 

Indirect evidence Waa effects of stress relief 
were present in the condition of the bedrock in the diversion 
tunnels and cutoff trench (P.F.R.A., 1961). Entrance and 
exit excavations for the diversion tunnel had to be carried 
150 feet and 50 feet respectively into the exposed bedrock 
before rock sound enough to tunnel in was found. The first 
220 feet of tunnel from the inlet had to be supported with 
steel I beams and wooden lagging due to the weathered and 
fractured nature of the rock near the valley wall. By com- 
parison, only the top 10 to 20 feet of the vertical control 
tower shaft was fractured badly enough to require timber 
Support. 

The key trench at the dam was cut about 10 feet into 
bedrock below the river channel by blasting. Seepage into 
the trench was along horizontal bedding planes. It was 
observed the rock was extremely fractured and broken up. 
The resulting surfaces, particularly in the harder sand- 
stone formations, were extremely jagged and contained 
numerous large voids along the bedding and fracture planes 
which often extended several feet into the formation. In 
many instances, displacements of large blocks of rock were 
also evident. This disturbance of the bedrock below the 


river channel was believed to be due to blasting. 
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9. Fort Peck Dam: The experience of the U.S. Army Corps 

of Engineers with the Bearpaw formation at Fort Peck Dam 

has been discussed in Chapter II. No complete stratigraphic 
section of the site has been published, however, a center- 
line section along the spillway published by Fleming et al. 
(1970) is shown in Figure 3.22. A rise of the 'G'" bentonite 
layer is broken by numerous steeply-dipping faults which 

are considered to be due to massive slumping (Fleming et al., 
1970). 

The rise in the bentonite layer is not a depositional 
feature due to the flat-lying nature of the bedrock in the 
area. It appears unlikely that all of the rise in elevation 
of the bentonite layer is due to landslide activity as the 
dominant mode of slope failure in the study area is trans- 
lational. The rise in elevation of the bentonite bed is 
consistent with the mechanism of vertical rebound due to 
stress relief - only the magnitude of the rebound appears 


anomalous. 


10. Garrison Dam: The 6 or 7 feet of rebound which has 
Occurred in the Fort Union Group below the Missouri River 
valley at Garrison Dam is discussed in Chapter II. The 
logs of the two testholes illustrating this feature are 
given in Figure 3.23. The amount of rebound below the 
valley bottom, given by Smith and Redlinger (1953), is the 
difference in elevation between coal beds in these two 


testholes; a considerably larger value of rebound has 
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probably occurred as no data is available on the behaviour 
of the beds between testhole 971, at the toe of valley wall, 
and the valley center. 

Further evidence of the amount of rebound which has 
occurred at this site is given in Figure 3.24 which shows 
the centerline geologic section (U.S.C.E., 1946). No single 
lignite bed can be traced over the entire distance across 
the valley but a rise of some 20 feet in lignite beds can 
be observed in both abutments. Since no evidence exists of 
Old landslide activity at the site, the rise can only be 
due to valley flexure. 

A similar rise of lignite beds in the abutment can be 
seen in Figure 3.25 where the geologic section of the spill- 
way and two profiles at right angles to the spillway are 
given. A clearly defined rise of the lignite beds of close 
to 30 feet towards the valley is visible. Figure 3.26 gives 
the location of the profiles. 

The Fort Union Group is flat-lying and it does not 
appear the upwarping of the beds can be ascribed to deposi- 
tional environment, tectonic activity or landslide activity. 
Local minor structural irregularities are reported in the 
Fort Union Group at ithe site by Fleming’et al., (1970) jbut 
it appears difficult to explain the uniform valley flexure 
Observed on the basis of any mechanism but rebound of the 
bedrock due to valley formation. 

The properties of the Fort Union Group have been 


previously discussed in Chapter II. The bedrock exhibits 
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a low modulus of elasticity ranging from 2880 to over 28,800 
p.-Ss.i. Constant stress-ratio triaxial tests gave a value of 
E, at a stress ratio of one-half, of 28,800 -p.ssi. which. was 
adopted for design purposes. The formation is heavily over- 
consOlidated with an apparent preconsolidation pressure of 
80 to 100 t.s.f. Oedometer tests indicated a compression 


and swelling index of 0.018. 


11. Oahe Dam: A discussion of the behaviour of the Pierre 
shale during construction of Oahe Dam is included in Chap- 
ter II. A detailed examination of the testhole logs con- 
tained in the Definite Project Report (U.S.C.E., 1948) 
indicates that a large amount of rebound has occurred 
below the Missouri Valley at this site. 

Figure 3.27 shows the centerline geologic section of 
the site. An excellent marker bed is present in the form 
of the Crow Creek Marl. A 40 foot rise in the elevation of 
this marl bed is evident on both sides of the river valley. 
As at Fort Peck Dam, it is likely that the elevation of 
this bed is disturbed by the widespread slumping which has 
Occurred adjacent to the valley in the Pierre formation; 
however a general trend for a rise in the bed towards the 
river can be seen. 

Detailed logs of sections on either side of the 
river are given in Figure 3.28 and 3.29. A marked rise in 
the marl bed occurs in one testhole indicating the occurrence 


Of slide activity with a rotational component. 
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The abutment testholes were not extended far below 
river level due to the depth of the valley. No marker bed 
moLlearly delineating the amount of rebound occurring below 
the valley bottom has been found. However, it would appear 
that a considerable amount of rebound, in the order of tens 
of feet, has occurred below the Missouri Valley at this 
Site. 

The rebound along the Missouri has produced a well 
defined raised valley rim. The Definite Project Report 
fiewe wel, 940, D. LL) States: 

"On the top of the bluffs the topography is almost 
flat. From the rim of the bluffs the surface slopes 
landward thus leaving the rim edge the highest portion 
of the left side of the river. Subsurface explora- 
tions made at the top of the left abutment indicate 
that the bedrock shale almost parallels the present 
ground surface." 

The raised valley rim extends along the east side of 
the Missouri River for some distance either side of the 
damsite. “Crandell (1958, p. 4) noted: 

"The most notable topographic feature of the 
Pierre area is the trench of the Missouri River, which 
is from 2 tO 4 miles wide and, in most places, 300 
to 400 feet deep. When approaching the trench from 
the east, one is scarcely aware of its presence 
within a mile or 2, in places a few hundred yards 
of the trench rim." 

The raised rim is clearly visible on the east side 
of the river valley as the west side has been dissected by 
numerous small streams. The raised valley rim has been 
accentuated by deposits of loess on the east side of the 


river which decrease in thickness with distance back from 


the valley rim. However, in certain areas the effect is 


_ bs a ro p A Sit” «@ 














ici . | 7 | ire 


qs > 


woled 182 bobmetxe jon sxsw ioubeiipacd 


bed x020m ou .yolisv sit to. aga oft el x 
wins 


Fe 
vis 






wofed poixx10590 bavodex to jtnyvoms ods et. We 
-., 
seeads. biuow ti tevewoH .bruso? msed ese oossod 


5 


anes ic tshro eds al pavoden to\snvoms ¢ Bt 6” 


+ 
eidt ts yelisV risoeeim sds woled bexiws90 | 


ne 
; , a 
y, ee : 
o a 
* Epes & Bsouboig ear tugoeeim sd+ pools beavedet’ oat ute 
#xogenh gosior4 ostebaee off mix. yolfew ft : Fits. 


: eadede (il «J <SdeL, Be: ae 


> J. 
Thess 





‘a 
he 






















ae < 


” a 





geomls 2i vdgqerroqos siz atiutd sit 20 qos one 
seqole sostava sda attufd oft to mix odd igh 
aoistiog Jeenpid sds spbs mix ond paivsel apaz ’ 


-si0lax9 soslivedse  .1Svin-gdd to sbie fol ¢ + ae 
edsaibai saomtyds Jtel sda as qot sit #s or 
tnsesiq oft elsiisisq teomis oisde Apombed ¢ pdr 

! -sosixue f 


| Big 

to Sbie tees ont pnolis 2bastxs mit yeilsv peeks: ¢ ar 
‘ a - 
| p > Oe | 
:bedon (h ig 821) Liebe’ al etter 
sit to sxrw3asst sitidexpodos: sidston team elt 


doidw ,rovii t1yoeeiM Sao 46 Monsis efd ek s 
OO€ ,eonslq teom te | sbiw eslim & of | 


mor? donsis sit p ean noriw at 
' 9 Dnpanxg esr 265 yleoxuspe | > 2 
2BIBY bexhaud wet 6 : aeppla ak 8 53 slim 


ebie Jess edt po oldiaey a “ ai wie: yf 
f° aie 


vd Beivezaib aaa anit Sob): ps oe ratt | we 
aséd eed mit. ae aa ae core 
va 


Sat 10 sbie x+eniis soanders emo2 10% = 







ni hs Sh 


ete eh 


mort Adsd sonbsetbedtiw Bi 
ek sdstte aaa) . S15 6 


-. 
a 
Aa ; i 


' -" 


122 


visible on both sides of the valley. Figure 3.30 shows a 
profile across the Missouri Valley 2 miles downstream of 
the dam taken from 20 feet contour maps given by Crandell 
(1958). The same phenomena occurs elsewhere along the 
Missouri as "at many places in the State, upland surfaces 
immediately adjacent to the trench slope away from the 


Missouri River" (Crandell, 1958, p. 52). 


12. Bowman-Haley Damsite: Bowman-Haley Damsite is located 
on the North Fork of the Grand River in Section 24, T.129N, 
R.101W, Bowman County, North Dakota about 6 miles upstream 
of the town of Haley, North Dakota. The site has been 
investigated by the U.S. Army Corps of Engineers (U.S.C.E., 
1963b). 

The area waS unglaciated during the Pleistocene. 
The river lies in a one mile wide valley about 150 feet 
deep with flat valley sides. The bedrock at the site is 
the Ludlow formation of the Fort Union Group (Tertiary). 
Field investigations consisted of two rotary bore holes 
which used a 5 3/8 inch diameter double-tube core barrel 
and 22 churn drill borings made with a 4 or 6 inch diameter 
open-end drive barrel. Location of the testholes is shown 
amabigure 3.31. 

The Ludlow formation consists of poorly indurated, 
interbedded clays, sands and silts with soft to hard thin- 
bedded calcareous sandstones, soft shales and lignite beds. 


Five lignite beds varying in thickness from 1 to 6 feet 
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were observed in the borings which served as marker beds. 
The regional dip of the bedrock is reported as 10 to 20 
feet per mile to the northeast. No evidence of faulting 
exists in the immediate area. 
Figure 3.32 shows the centerline geologic section. 
The orientation of lignite bed C indicates a slight regional 
dip to the north on which has been superimposed an upwarping 
of the beds under the valley sides. An asymmetric anti- 
cline some 20 feet high occurs under a gravel terrace on 
the left side of the valley indicating most of the rebound 
occurred during the early stages of valley downcutting. 
Unconfined compression tests on samples from between 
the A and B lignite beds gave strengths of from 1.43 to 
i75 tos.f£. with an average strength of 1.56°tis:f. . The 
initial tangent moduli ranged from 80 to 168 t.s.f. (1110 


Ean 2340 p.s.six) 


13. Miscellaneous Sections: A discussion of sites where 
insufficient drilling or the absence of marker beds precluded 
definite observation of the amounts of rebound is included 


in Appendix A. 


3.4 Case Histories From Outside the Study Area 
Data from a number of damsites outside the study area 


was collected in the course of this study and is included in 
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this section where evidence of valley rebound is of parti- 


cular interest. 


1. Portage Mountain Dam: Portage Mountain Dam is located 
on the Peace River in north-eastern British Columbia some 
12 miles west of the town of Hudson Hope. The dam was 
designed by International Power and Engineering Consultants 
tds (4.P.E.Cy)\for, the) B...C.\ Hydre and Power Authority. 
The geology of the site is discussed by Dolmage and Camp- 
bell (1963). 

The dam is situated one mile below the entrance to 
the Peace River Canyon where the river is 600 to 700 feet 
in width and flows between a right canyon wall 150 feet 
high and a left canyon wall 300 feet high. From the top 
of the left canyon wall the ground rises to the top of 
Portage Mountain. On the right bank a bedrock plateau 150 
feet above river level underlies part of the dam. 

The bedrock at the site consists primarily of non- 
marine sandstone, siltstones and shales of the Dunlevy and 
Gething formations (Lower Cretaceous). The average strike 
of the beds is approximately N48°W and the dip is 5 to 10 
degrees to the southwest. No major faults occur at this 
Site. The general geology and topography of the site is 
shown in Figure 3.33. 

The principal sandstone members in the Dunlevy for- 
mation are designated by the prefix "N" and within the 


Gething formation by the prefix "E". Sandstone members 
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commonly pass gradationally into shale members. A shale 
member is therefore given the same designation as the 
underlying sandstone member; for example the N4 shale lies 
between the N4 sandstone and N3 sandstone (Imrie, 1967). 
The contact between the Dunlevy and Gething formations has 
been set at the base of the Peace River coal seam; a pro- 
Minent and continuous bed of coal 7 to 10 feet in thickness 
which is an excellent marker bed. 

Seams were noted in the N5 sandstone below the river- 
bed which were infilled with alluvial sand and gravel to a 
maximum thickness of 12 inches (I.P.E.C., 1965; Imrie, 1967). 
No evidence of these features was noted during the drilling 
program (Imrie, 1971). The infilled seams occur along 
bedding planes and pinch and swell over short distances 
bringing projections of solid overlying and underlying 
rock into contact. These features (I.P.E.C., 1965) have 
been attributed to vertical stress relief (rebound) with 
chemical and/or mechanical disintegration enlarging the 
openings once they were formed. No sand seams were observed 
in the shale horizons. 

A number of sand seams were mapped in the N3 sand- 
stone on the right abutment plateau but none were in excess 
of one inch in thickness. Imrie (1967) suggests these 
features are due to buckling of the strata under high hori- 
zontal stress in the bedrock. 

Another structural feature indicative of sliding of 


one bed over another is the presence of thin gouge or mylonite 
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seams in various coal or shale horizons. These seams 
parallel the bedding, are 1/8 to 3 inches in thickness 
and are considered to be due to bedding plane slip asso- 
ciated with folding (Imrie, 1967). Other features noted 
by imrie (1967, p. 23-24).,include: 

"local monoclinal warps, well-developed cleating 

in the coal and poor to well-developed jointing in 

the siltstone and shale. Shearing is common at 

the base of thicker coal seams. Joints are gene- 

rally absent in the massive sandstones." 

Two geologic sections of the valley bottom are 
given in Figures 3.34 and 3.35. A change in dip of the 
beds on either side of the valley is evident and an up- 
warping of the beds of about 15 feet appears to occur. 
This evidence cannot be regarded as conclusive in view of 
the gradational nature of the beds. 

A geologic section across the valley downstream of 
centerline is given in Figure 3.36. A flattening in the 
dip of the Peace River coal seam occurs in the right abut- 
ment and the orientation of marker beds below the bedrock 
plateau on the left abutment indicates the existence of 
both rebound and valley flexure. The absence of the Peace 
River coal seam in testholes 422 and 424 indicates a 
steepening of the dip of the strata below the left valley 
wall. | 

Unconfined compression tests On rock cores gave 
strengths ranging from 16,400 p.s.i. to 19,800 p.s.i. for 
the sandstone and from 11,800 p.s.i. to 16,800 p.s.i. for 


the shale. Initial tangent moduli ranged from 2.2 to 2.6 


w¥ icee a. of ; $6 moi" sbi Det 





































a 
ameoe saoiT .andsixod ofera 10 Leos 
me 


ezonXo init nk eeigoat © oF Bi ONS «) vac 
-ozes alle onsla pabbbed o@ exb ad ot £ 
besoa esxutsst ieito ..(ieer , stxml) ented 
robyulonk: (SSeS. a whee 


prt ta fo bsgolevab- Lfow -equsw Lembdoc 
at. paisvaLoc ‘pSqok vale (56 w od toog brs f 
36 s0mmo> at ortiteede .olede bas snot 
-snep Sin esnioat , Bmbee oo textoids x 3 
" V-ecocsabase evieesa eft at gine 


ex6 mottod yollisv sia to- enoltoss sipel 
ade to aib ai spnsdo.A  .Ct,f Bas Sf.E Ba 
qu as bas tnebive ei ysiiev sas to ebia 


.twooo ot exsogqqs test @1 twods to shed © 
20 woiv si svieviznoo 2e& Bebtages od JOnNSD, Seam 
: Ge m. 
.ebod sft to estan isaok 

y 


20 mésxtenwob yalisv sit @20796 NOLO ot Pot. 
eit ot pninettely A -dE.E saieth mt neve. 

| . | i ~~ 

-juds tripia ocd ot azuODO mso2 {son teviil soss4 


Anorbed adst. woled ibesit 18Ar5m ¥o peapheain 3 


2o gonetarxs dt. as $noibei soomsuds steL. 


> 


90607 sit to oomseds od? setuxe Lt yelisv J 

, a > 2 

s asisolhbai Sh bas RSb eslortjsegt at 
> 


me : ae 
yellsv ttel edt wolsd sibasa oid to gib edd 


8VSR 29x09 ADOT M10 adas 


zo? .i.a.q 008,e1 ci a ¢ 
ae : 


got .f{.2e.g og8,aL ce 


¥- HOS : 
Bis i> i 
“S re 
a! 


. | ae 


161 


aR Vins Le 
\ 


pee “Olg %2341 4s8a1vn0s 
JLINOTAN por] 


WVG NIVLNNOW 39VLY0d 


GNn3937 


un WE vs, m 
+ CHER ERS EEE EES Nal MAES, MRS 


aera CcnaneN\NUNVRMNUNANNURUNNNNLUNNNNIN 


mS WW} 


Eee 


MANS Se 
aes | as 


V4 
oon | ng = 


wy 
ALA | 


i=] 
i=) 
o = 
i-] 
=x Nn 
N 
a a 
Nn 











. ‘9 ose 


hh a 
’ a aa - eee | 
eee eA TIT L777) 7S ff) TITTT TIFF 
——_- TINT 

ov Woe Ns ke [wef FBG hy E ot 





a. 












LL) : | / rr = 0 aD pz 7 ar amy ces sar dems macy oie i wey "ae —% 
PLELIV TT ULTITIT IIT IL ITT LA TIT ee H% 
oe | tease EK 


_ ~ * 








vite sit 2 VHS a-Se7e -y nat oncrn 3.2 20n8 Q33ant<3TOM 
; swoTaawAt vend, 2HOT20KAEL | 14 001 2 ie 
MAD WIATHUOM 329ATAOS RiAwe yonaz, smoreTie ssane{/ 7] 
2-2 MOITIZ2 31003030 “3 soa Fa 


ariwosre Feed 


co ee. a re 


162 


Gee Ols 


G-0 NOILDSS 91901039 
WVG NIVLNNOW 39VLHO0d 





-3799S 


————— oH 


MERE EC EE in SU OA 


ott 


LE a 


‘at 


4 fps. | 


ccog 


Ques 


SN 


SSS 
Se 


BURA AREee Ue win 


On3931 


le 


ND? 


SPAY AS SSS Qe! 











oolz 


006! 


ee Sie, 
Poses ff 


24 





S6/$2-S008-U AIS CACTH 2B WORT ossaeT-arow 


«Rd WIATHUOM JeaTAOS | ne ee 


6-4 WOITS22 31902038 


ELEVATION - FT. 







c [-—J coat or care. SHALE 


<] NO RECOVERY 162; 


HORIZONTAL SCALE 
1000 


85 
2200 | rs \ 2200 
ag | 
Y) a 
SANDSTONE i E 
V 77] suace Y/) y) 
2100 pera COAL } 


2000 FT. 


2000 


IS00 


1g00 


1700 







94 195196 197 198 


1600 





fic 
PORTAGE MOUNTAIN DAM— GEOLOGIC SECTION A-A COURTESY LPE.C. 
FIGURE 3.36 


oe ee ere ae 
yy a 


af 
oh 


te hho Shee 
eine 





164 


ad 10° p.s.i. for the sandstone and from 4.4 to 5.6 x 106 


p.s.i. for the shale. Average swelling pressures of about 
12 p.s.i. occurred in oedometer tests. 

During 1964-65, Professor N. Hast conducted in-situ 
measurements of rock stresses. A total of 307 stress 
measurements were taken in 7 testholes by the overcoring 
stress-relief method (Imrie, 1967). The results indicated 
that stresses in-Situ were much higher than could be 
accounted for by gravitational stresses. At a depth of 
450 feet in the powerhouse area, the horizontal stresses 
were found to be 1920 and 1070 p.s.i. and the vertical 
stress was found to be 1050 p.s.i.; much greater than the 
weight of overburden at this point. In the central and 
eastern section of the powerhouse, the direction of maximum 
horizontal stress was N76°E which agrees well with the 
normal to the Portage Mountain - Butler Ridge anticlinorium 
which is N80°E. The stress magnitudes at the west end of 
the powerhouse were lower and the orientations were appar- 
ently changed by the proximity of the canyon wall. The 
maximum horizontal stress at this point trends N20°E while 
the canyon wall trends N16°E. 

Sources of error in stress measurements by the over- 
coring method are discussed by Merrill (1963, p. 349); the 
most critical of which are the assumptions that the rock is 
elastic, homogeneous and isotropic and the elastic constants 
derived from laboratory tests are applicable to in-situ 
rock. However, it would appear the assumption of large 


horizontal compressive stresses at Portage Mountain is 
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justified. These forces may be tectonic in origin and due 


to the Laramide orogeny which formed the Rocky Mountains. 


2. Three Rivers Damsite: Three Rivers Damsite is located 
in south-western Alberta on the Oldman River in Section 17, 
Township 7, Range 29, West of the 4th Meridian about 6 
miles northeast of the town of Pincher Creek, Alberta. The 
Site has been investigated by the Prairie Farm Rehabilita- 
tion Agency (P.F.R.A., 1965a). 

The Oldman River has cut a 200 foot deep canyon 800 
feet wide at the site through bedrock of the Porcupine 
Hills formation (Tertiary),close to the transitional con- 
tact with the underlying Willow Creek formation (late 
Upper Cretaceous or early Tertiary). The Porcupine Hills 
formation consists of fine-grained, cross-bedded sandstone 
with interbedded shaly clays. The Willow Creek formation 
consists of thin alternating beds of sand, clay and sandy 
clay with harder beds of grey and buff sandstone towards 
the top of the formation. The dip in the area is negligible 
as the site lies close to the trough of the Alberta syncline. 
No faults are reported in the area. 

The sandstone is generally fine-grained, very hard 
and characterized by low water contents and high densities. 
Unconfined compressive strengths range From, 63003CaG 57.780 
mec. L. and averaged .12.,100 .p.s.i.,for, 16 tests. ~Modubi 
from these tests ranged from 560,000 to 1,320,000 p.s.i. 


and averaged 850,000 p.s.i. 
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The shales were generally hard and slate-like with 
low water contents and high densities. Unconfined strengths 
ranged from 3175 p.s.i. to 8690 p.s.i. and averaged 5340 
p.-s.i. for 5 tests. Moduli from these tests ranged from 
2007000 p.s.a. to 540,000 p.s.a. and averaged 390,000 p.s.i. 

Eleven rotary drill holes were cored using double- 
walled core barrels. A centerline geologic section of the 
valley bottom is shown in Figure 3.37. Core recovery 
averaged between 70 and 80 percent. No water losses occurred 
during the drilling of testholes RD1 and RD6. A 100 per- 
cent water loss occurred in RD2 at a depth of 40 feet. 

Marker beds are poor at this site with no coal or 
bentonite beds noted during the drilling program. However, 
a layer of shale eeeaeoren in the sandstone in test- 
holes RD4, RD1, and RD2, at elevation 3415, indicates little 
Or no rebound as having occurred below the valley floor; 
however this correlation must be regarded as tentative. 
Since the bedrock below the valley is described as hard and 
firm, moisture contents are as low as in the abutment test- 
holes at a similar elevation below the valley floor and no 
extensive fracturing apparently occurs, it would appear that 
an insignificant amount of rebound, in the order of inches 


rather than feet, occurs at this site. 


3. Twelvepole Creek Damsite: Twelvepole Creek Damsite is 
located on Beech Forks, a tributary of Twelvepole Creek, 6.5 


miles south of Huntingdon, West Virginia. The site has been 
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investigated by the U.S. Army Corps of Engineers (U.S.C.E., 
1969a). 

The Beech Fork drainage basin lies within the Kanswha 
section of the Appalachian Plateau. The area has been 
extensively dissected by erosion and a dendritic drainage 
pattern has resulted. The area was not glaciated during 
the Pleistocene and the overburden on the valley slopes is 
composed of colluvium derived from the weathered bedrock. 

The bedrock at the site is the Monongahela and 
Conemaugh series of Pennsylvanian age. The Conemaugh 
series was deposited in repeated marine advances and 
retreats. Marker beds include the Elks Lick limestone 
(elevation 606), the Upper Ames shale (elevation 565), the 
lower Ames shale facies (elevation 532) and the Brush Creek 
limestone (elevation 472). These members are generally 
persistent and can be correlated over the immediate area. 

The lithologic units consist of clays, indurated 
clays, claystones, shales, sandstones and thin limestones. 
The regional dip is to the northwest at 50 to 72 feet per 
mile. The Parkersburg Syncline trends N65° E and passes 
O87 miles®southeast Sf *the’site.” This°’structure gives the 
strata in the immediate vicinity of the dam a dip of ll 
feet per mile to the east. 

No faulting is known to have occurred in the area. 
Two major joint sets occur in the area and strike N80°W and 
N30°E with dips ranging from 80 to 90 degrees. A minor 


ras ) 
system of two joints strike N50°W and N10 -E with dips 
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ranging from 70 degrees to the vertical. 

The investigations at the site included 114 NX core 
borings, eight 4 inch core borings and eleven 6 inch core 
borings. All coring was performed using a standard, double 
tube, rotary core barrel. A rise in the Brush Creek lime- 
stone of about 5 feet occurs below the valley bottom and a 
distinct upwarping of beds on either side of the valley is 
visible in Figure 3.38. 

It is possible that actual fracturing and failure of 
the beds below the valley center has Occurred at this site 
from the unusual stratigraphy and truncated beds immediately 
below the valley centerline. However, this cannot be con- 
firmed due to the limitations inherent in conventional 
drilling techniques as discussed in Chapter II. 

One unconfined compression test, conducted on shaly 
Sandstone from testhole C-133 at elevation 556, gave a 
strength of 1012 p.s.i. and a tangent modulus at 0.2 per- 


Sentestrain of 135,000 p.s«. 


4. Smithville Damsite: Smithville Damsite is located on 
the Little Platte River about 1 mile north of Smithville, 
Kansas. The site was investigated by the U.S. Army Corps 
BGerngineers (U.S.G.E., 1969b). 

The Little Platte River Valley is in a mature stage 
of development with the river meandering across a 1300 feet 
wide floodplain. The valley has a maximum depth of 150 feet 


and gently sloping sides. The river flows over about 55 
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feet of Pleistocene and recent alluvium which overlies bed- 
rock. Glacial deposits overlie much of the upland with 
till and outwash deposits reaching a depth of up to 95 feet. 
Loess of up to 20 feet in thickness mantles the till in the 
uplands. 

Bedrock consists of alternating beds of shale, lime- 
stone and minor sandstone of the Lansing and Kansas City 
Groups (Pennsylvanian). The depth to the Cambrian or Pre- 
cambrian basement is about 2500 feet at this site. The 
shales present are termed a clayshale and are comparatively 
soft, usually fissile and contain thin lenses or beds of 
Siltstone and limestone. Average unconfined strengths of 
the shale members ranged from under 6 to over 100 t.s.f. 

No strengths for the limestone members were reported. 

Regional bedrock dip is to the northwest at about 
50 feet per mile. No major faulting occurs in the area. 
Figure 3.39 shows a centerline geologic section of the 
valley bottom. A slight upward inclination of the strata 
on both sides of the valley is visible indicating several 


feet of rebound has occurred below the valley floor. 


5. Other Damsites: Other cases from outside the study area, 
where insufficient drilling or lateral continuity of beds 
exists to clearly define the behaviour of the strata below 
the valley, are included in Appendix A. Several cases of 
anomalous structures in the shale-limestone Pennsylvanian 


bedrock of Kansas and Missouri are discussed. 
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3.5 Evidence of Lateral Movement 

The cases documented in the previous two sections, 
combined with the cases discussed in Chapter II, show that 
vertical rebound is a ubiquitous feature below the river 
valleys in the study area and in other regions of the world, 
where river valleys have downcut through soft sedimentary 
bedrock. Indirect evidence of lateral rebound exists in 
the form of tension joints paralleling the valleys but no 
direct estimate of the amount of lateral rebound which has 
Occurred can be made from these features. 

Indirect evidence on the relative magnitude of 
lateral movements due to river valley formation is avail- 
able in the form of displacements induced by artificial 
excavation. Measurements taken using a tiltmeter are dis- 
cussed in Chapter V, observations of a more qualitative 


nature will be discussed in this section. 


1. Test Drift, South Saskatchewan River Dam: The test 
tunnel constructed at the South Saskatchewan River Dam has 
been previously discussed in Chapter II. A report on an 
inspection of the tunnel during construction (Allen, 1949) 
stated that a horizontal excavation of 40 feet had been 
made at the portal of the tunnel to remove weathered shale 
to allow mining to begin. The tunnel intercepted several 
broken zones in the rock and evidence of movement in the 
rock was noted by Allen (1949, p. 5). 

"There is a definite disturbed zone in the tunnel 


especially between Sta. 1+00 and Sta.1 + 36. EV." 
dence of movement in the rock in the tunnel excavation 
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is shown by bent and broken vertical timbers in the 
tunnel. In this movement the soft, semi-plastic 
rock has squeezed around the timbers. There is 
also definite evidence that the rock in the roof 

of the tunnel has moved outwards in the valley and 
toward the portal of the tunnel, because the tops 
of the timbers from the portal, at least as far as 
Sta. 1 + 36, have moved towards the portal from a 
Minimum up to about 10 inches. The greatest move- 
ment occurs between Sta. 1 + 20 and Sta. 1 + 22. 


Furthermore, between Sta. 0+ 50 and Sta. 1 + 
22 and especially between Sta. 1 + 13 and Sta. 1 + 
22, the broken zones, which are slip planes, appear 
to rise towards the portal and the river, whereas, 
between Sta. 1 + 36 and the face of the tunnel on 
November 14, at Sta. 1 + 68, the slickensided 
broken zones appear to rise to the west. This 
suggests there may be a curved plane, concave 
downward, defining an unstable block which may 
still be moving." 

Data compiled on completion of the test drift 
(P.F.R.A., 1951) indicated no perceptible increase in 
water content immediately adjacent to the tunnel compared 
to initial water contents indicating that the movements 
noted in the shale were not due to swelling. Surveys 
using cOnventional methods were unable to detect any insta- 
bility of the slope above the tunnel. It would appear then 
that the movements towards the portal, noted in the tunnel, 


were due to lateral rebound resulting from removal of the 


40 feet of weathered shale at the portal. 


2. Mangla Dam: Lateral expansion of the tunnels at Mangla 
Dam in West Pakistan due to horizontal rebound resulting 
from excavation has been recorded by Khan and Naqvi (1967). 
Tunnel number 2 at the site was drilled while the power 


station tailrace excavation was still in progress. The 
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first steel tunnel-liner section was installed when the 
excavation was at elevation 938 feet. The last liner sec- 
tion was installed when the elevation of the excavation 
base was 880 feet. During the period of excavation to 
final grade, at elevation 802 feet, the tunnel expanded 
downstream about 4 inches over a lateral distance of 660 
feet. 

Plate bearing tests and measured values of rebound 
and settlement, assuming a semi-infinite, homogeneous, iso- 
tropic elastic media, indicated a modulus of elasticity of 


about 100,000 p.s.i. for the Siwalik formation. 


3. Kimbley Open-Pit Mine, Nevada: An eetengive field and 
laboratory program of investigation was undertaken by the 
U.S. Bureau of Mines at the Kimbley open-pit mine in Nevada. 
During 1966, the west wall of the pit was steepened from an 
average slope of 45 degrees to a slope angle which reached 
a maximum of 61 degrees. The pit was deepened from 500 feet 
tO about 550 feet. 

An extensive program of in-situ stress measurement, 
before the excavation began, showed the stress field in 
the area to be due to gravitational forces only with no 
evidence of tectonic stress. The vertical stress averaged 
1 to 1.1 p.s.i. per foot of depth and the horizontal 
stresses were about two-thirds of the vertical stress 
(Merrill, 1968). The excavation and slope steepening 
resulted in a displacement upward and into the wall as 


illustrated in Figure 3.40. 
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— Illustrative section showing gross movement of 


the pit wall. ( MERRILL , 1968) 


DISTANCE FROM PIT CENTER, feet 
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FIG. 3.40 DISPLACEMENTS DUE TO EXCAVATION AT THE KIMBLEY 
OPEN-PIT MINE, NEVADA 
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Finite element studies of the slope modification 
(Blake, 1968) predicted the general trend and magnitude of 
displacements reasonably well provided the rock was assumed 
to be gravity loaded. Any excess horizontal stress field, 
due to tectonic forces or overconsolidation, would cause 
the displacements of the rock in the pit wall to be directed 
up and out towards the pit. 

The observations at the Kimbley Pit are of interest 
as they show clearly the occurrence of upward flexure of 
the pit wall in response to rebound of the excavation bot- 
tom. The observed displacements agreed qualitatively with 
finite element results from a two-dimensional plane-strain 
analysis utilizing a homogeneous, isotropic, linearly 
elastic model. The result of any excavation in an overcon- 
solidated or tectonically stressed rock should be lateral 
movement towards the excavation as a function of the stress 


relieved and the modulus of elasticity of the rock. 


4. Stratigraphic Observations Along the Missouri River: 


Field evidence strongly indicating the occurrence of 
lateral movement along the Missouri River has been documen- 
ted by the U.S. Army Corps of Engineers (Fleming et al., 
1970). Slopes in the 5 bedrock formations along the upper 
Missouri River, the Colorado, Fort Union, Claggett, Bearpaw 
and Pierre formations, were mapped and borings made on one 
Slope from each formation. In several cases a second test- 
hole was drilled halfway down the slope in a slide zone to 


sample failed rock while the first testhole was placed on 
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the valley scarp back from any evident slide activity. A 
summary of the observations on the occurrence of slicken- 
sides in the cores shows: 

1. Colorado Group - No slickensides were found in the cores 
examined in the laboratory although a few were noted in 
the field. 

2. Claggett Formation - One boring penetrated 148 feet of 
Judith River sandstone before reaching the Claggett 
Shale. The lower part of the Judith River and the 
upper 50 feet of the Claggett contained several slick- 
ensided zones. Three other slickensided zones were 
found at greater depth in the Claggett formation in 
conjunction with bentonite layers. A shallower boring, 
drilled at mid-slope encountered numerous slickensides, 
gouge and bedding tilted up to the near vertical. 

3. Bearpaw formation - The boring located at the top of 
the slope contained scattered slickensides through the 
405 feet sampled with a significant gouge zone at a 
depth of 264 feet. The mid-slope boring contained 
zones of slickensides somewhat more intense than those 
in the upper boring. Numerous slickensides and broken 
material were identified in the Bearpaw ee above the 
contact with the underlying Judith River sandstone. 

4. Fort Union Group - A few slickensides were found in the 
field associated with lignite beds. No slickensides 


were found in the laboratory specimens. 
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5. Pierre Formation - Two borings were drilled in the 
Pierre. Scattered slickensides were noted in both 
borings with a marked increase in moisture content, 
with some slickensides, just above the contact with 
the underlying Niobrara chalk. 

The presence of slickensides is attributed by 
Fleming et al. (1970) to lateral movements due to stress 
relief caused by valley formation. The concentration of 
Slickensides found in conjunction with bentonite beds and 
near the contacts between lithologically different units, 
illustrates the effects of differential movements between 
strata with different moduli of elasticity. 

The stability of valley slopes in the area studied 
appears to correlate well with the observed presence of 
Slickensides. Valley slopes in the Pierre, Bearpaw and 
Claggett are characterized by slump topography and their 
Stability appears to be controlled by residual strength 
parameters (Fleming et al., 1970). The testholes in these 
formations were characterized by slickensides. Valley 
slopes in the Colorado and Fort Union Groups are more stable 
and have a relative scarcity of slickensides. The Colorado 
Group consists of shale with scattered bentonite layers but 
also contains numerous very thin siltstone layers. It is 
suggested by Fleming et al., (1970) that the siltstone 
layers increase the stability of the slope "by increasing 
the cross-bed shear strength and possibly by decreasing 


lateral expansion in the formation." The Fort Union Group 
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contains lignite and sandstone layers which provide increased 
drainage, increase cross-bed strength and would also serve 


to reduce lateral movement. 


5. James MacDonald and Beverly Bridges, Edmonton, Alberta: 

During 1970-71 two bridges were constructed across 
the North Saskatchewan River in Edmonton, Alberta; the James 
MacDonald bridge in downtown Edmonton (the stratigraphy of 
which has been previously discussed) and the Beverly bridge 
in eastern Edmonton. Only a few feet of alluvium overlies 
bedrock below the river channel and the pier and abutment 
excavations for these bridges afforded an excellent oppor- 
tunity to view the bedrock below and adjacent to the river 
and to observe any effects of valley formation. 

One pier excavation was inspected at the James Mac- 
Donald bridge and three pier excavations and the west abut- 
ment excavation were inspected at the Beverly Bridge. A 
complete description of the geology exposed is given in 
Appendix B. A brief summary of the more important observa- 
tions will be given in this section. 

The east pier at the James MacDonald bridge was 
visited on October 7 and 8, 1970. Two circular holes about 
25 feet in diameter were excavated with backhoe and dragline 
14 feet into bedrock below the river bed. The stratigraphy 
exposed is discussed in Appendix B. Jointing exposed con- 
sisted of well defined horizontal joints along bedding 
planes and tight, near vertical joints which terminated in 


the horizontal jointing system. 
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A number of the horizontal joints between different 
bedrock units and between units of shale or sandstone were 
characterized by a thin (% to k inch thick) soft clay gouge 
zone. These zones were soft with a pocket penetrometer 
strength of about 0.5 t.s.f. and had a moisture content 
close to the plastic limit of the eae A pocket knife 
blade could be driven to its full length into these zones 
under only slight pressure. The rock contacts above and 
below these zones were observed to be smooth and polished, 
however no slickensides or striae were observed. Vertical 
joints were tight and did not exhibit any softening. 

Similar features were noted in all three bridge 
pier excavations inspected at the Beverly bridge during 
August-October, 1971. The soft zones were found developed 
along horizontal bedding planes in a hard, competent, fine- 
grained sandstone. Most of the zones could be traced for 
some 100 feet around the entire circumference of the pit 
wall. 

Pier 2 at the Beverly bridge was typical of the 
excavations visited on this project. The stratigraphy 
exposed is illustrated in Figure 3.41 and consisted mainly 
of hard competent sandstone. Two main gouge zones were 
observed in this pit, one located about 1.5 feet above the 
floor of the excavation between two sandstone beds and a 
second located about 6 feet above the floor of the pit at 
the contact between a 3 inch thick ironstone bed and the 


underlying sandstone. Plates 3.1 and 3.2 show the outcrop 
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EAST 
18” BLACK COAL, HARD RHI, 
VERT. JOINTS 


9% DK. GREY CARB. SHALE 
VERT. JOINTS AT 6-9” 
SPACING 


9” SHALE AS ABOVE- RH2 


3” IRONSTONE RH 4 
t ! GOUGE AS BELOW 


4.5' SANDSTONE- MED. GREY, MED. TO FINE GRAINED, 
SLIGHTLY BENTONITIC, RH 2, HORIZ. 
JOINTS AT 12-30 INCH SPACING, OCC'L 
STEEPLY DIPPING JTS. 


1" GOUGE ZONE - SOFT, Wy >Wp, OH I-2, OCC'L 
SST. "NUGGETS IN FINER MATRIX 


15° SST. AS ABOVE 


PIT FLOOR 
EL. 1984.5 (GEODETIC) 


FIG 3.41 GEOLOGIC SECTION, EAST WALL, PIER 2, BEVERLY BRIDGE 
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Closeup of the gouge zone shown in Plate 3 
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of the lower gouge zone in the east wall of the excavation. 

A block sample removed from the bottom gouge zone 
showed, upon drying, a slight polish indicative of slicken- 
sides on the bottom contact of the soft zone with the under- 
lying fine-grained sandstone. This feature could not be 
seen in the field due to the high moisture content of the 
gouge zone. The presence of polish and slickensides shows 
that differential movement has occurred between the rock 
units below the river. The frequency of occurrence of these 
soft layers and their nature strongly suggests that they 
have resulted from lateral movement between the beds. The 
vertical joints end, as has been mentioned, in horizontal 
joints developed along bedding planes and no measurement of 
the amount of movement from joint offsets was possible. No 
similar features were observed in the bedrock exposed 
above river level in the west abutment excavation (Appendix 
B) or in any outcrops in the bedrock of the study area 
previously visited (Thomson and Matheson, 1970a). 

A bentonite bed varying in thickness from 2 to 6 
inches was exposed in the west abutment excavation for the 
Beverly bridge some 60 feet above river level. A smooth, 
slickensided failure plane was observed on both the top and 
bottom bentonite-shale contacts both in the field and in a 
block sample taken to the laboratory for detailed inspec- 
tion. The striae on these failure surfaces pointed directly 
towards the river. Plate 3.3 shows the lower bentonite- 


shale contact in the field and Plate 3.4 shows this contact 
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Plate 3.3 View of the slickensided lower shale-bentonite 
contact in the west abutment excavation of the 
Beverly bridge. 





Plate 3.4 View of the shale-bentonite contact cut from the 
block sample taken in the west abutment excavation 
at the Beverly bridge. Note slickensides and striae. 
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when most of the superincumbent bentonite has been removed. 
The bentonite was photographed in the field and 
sampled some 6 to 8 feet back from a near-surface landslide 
which has developed along the valley wall at this point. 
These surfaces, which are obviously at the residual strength, 
were not sheared by any previous landslide or mass-movement 
process. Details of stratigraphy, sample location and 


observations are given in Appendix B. 


6. Summary: The observations from the South Saskatchewan 
River Dam test drift, Mangla Dam and the Kimbley Pit show 
that excavation into overconsolidated bedrock will result 
in lateral movement towards the excavation as well as 
rebound of the excavation bottom and upwarping of the rock 
adjacent to the excavation. The observations made by 
Fleming et al., (1970) along the Missouri River show that 
differential movement resulting in slickensides (or actual 
failure of the rock in-situ decreasing the strength from 
peak to residual) occurs across bentonite layers or at con- 
tacts between rock units of different lithology when a 
river valley is excavated into the bedrock of the study area. 
The breakage of cores at the contacts between different 
rock units, noted by P.F.R.A. at damsites along the North 
Saskatchewan River, appears to have a similar cause. 

The apparent correlation of slope stability with 
slickenside occurrence along the Missouri River appears to 
relate the in-situ shear strength of a formation with the 


amount of lateral rebound which has occurred. The features 
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noted adjacent to and below the North Saskatchewan River at 
Edmonton appear to result from lateral differential movement 
between bedrock units and across bentonite layers. The 
result, in the case of the bentonite layer observed at the 
Beverly bridge, is failure in-situ and a decrease in 
strength to the residual. Subsequent slope stability is 
then governed by the residual strength parameters (at least 
along horizontal bedding planes), the occurrence of these 
pre-sheared layers, and the conventional factors such as 
piezometric level, slope height, and slope inclination. It 
is of interest to note that the bentonite layers markedly 
affect the piezometric conditions in the valley wall as 


discussed in Appendix B. 


3.6 The Raised Valley Rim 

The rise of the ground surface immediately adjacent 
to the valley edge has been previously discussed and this 
feature is due to rebound which occurs below the valley 
bottom. Evidence to support this mechanism is given by 
DeJong (1971) who monitored rebound occurring below the 46 
feet deep foundation excavation for the A.G.T. complex in 
downtown Edmonton, Alberta, which is cut through dense 
glacial till. A maximum rebound of about 3 inches occurred 
in the excavation center; rebound points established on a 
building 20 feet back from the excavation edge showed a 


heave of about 0.3 inch. 
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effect of postglacial erosion cannot be studied quantita- 
tively - in some cases it appears to accentuate the raised 
rim while in other cases it appears to obi ieereee it. [How 
ever, the feature was observed with such frequency that it 
was considered of interest to document its occurrence. 

A brief airphoto study of sections of the Peace, 
Wapiti, Smokey, Little Smokey, Athabasca, Red Deer and South 
Saskatchewan Rivers was made. Field trips were made during 
the summer of 1970 to several of these areas to obtain pro- 
files perpendicular to the valley edge to assess the rela- 
tive magnitude and frequency of occurrence of this phenomena. 
A study of the finite element displacements shown in Figure 
3.10 reveals a decrease in the amount of vertical rebound 
adjacent to the excavation for high values of Koi it was 
hoped a combination of field measurements of raised rim 
profiles, valley cross-sections and use of the finite 
element method would yield information on the in-situ stress 
conditions existing in the respective bedrock formations. 
Details on the areas visited and the profiles obtained are 
given in Appendix C. Figure 3.43 shows a map of the Prov- 
ince of Alberta showing areas where evidence of the raised 
valley rim has been observed. 

Two valley cross-sections illustrating the effect 
are shown in Figures 3.44 and 3.45. Figure 3.44 Shows pro- 
files taken on both sides of the South Saskatchewan River 
at Redcliff, Alberta, 5 miles upstream of Medicine Hat. 


The banks of the South Saskatchewan River for about 15 miles 
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upstream of Medicine Hat provided an area where the raised 
valley rim is almost continuous along both sides of the 
river except where tributary valleys and coulees intersect 
the main valley. The river flows through a 200 feet deep 
postglacial valley incised through a relatively thin veneer 
of glacial till and bedrock of the Foremost and Oldman 
formations (Upper Cretaceous). Figure 3.44 shows a rise in 
meuesdround stntace Of about 12 feet on either side of the 
valley which begins approximately 1800 feet back from the 
valley edge. 

Figure 3.45 shows the centerline of the Athabasca- 
Oldman Damsite (line DD) located on the Athabasca River 
about 40 miles downstream of Hinton, Alberta (A.W.R., 1969a). 
The river cuts through a postglacial canyon incised 390 feet 
through about 40 feet of glacial till and hard, cemented 
sandstone of the Paskapoo formation with some shale occurring 
below river level. The profile shows a rise in ground sur- 
face of 3 to 6 feet on either side of the river beginning 
about 150 feet back from the valley edge. 

Other profiles are included in Appendix C. A compil- 
ation of results is shown in Table 3.4. The increase in 
elevation of the valley rim relative to the mean ground 
level on either side of the river valley is plotted against 
valley width and depth in Figures 3.46 and 3.47. An in- 
crease in height of the ged valley rim with valley depth 
and width occurs although a considerable scatter of results 


is noted. This is not unexpected in view of the number of 
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variables, which have been mentioned previously, which would 
affect the development of this feature. A general trend to 
a greater width of raised rim with valley depth can be noted 
in Figure 3.48. No evident relationship exists between 
width of raised valley rim (distance from valley edge back 

_ to the point the ground surface begins to rise) and valley 
width as is shown in Figure 3.49. 

A number of topographic features were noted on air- 
photos which appear to be associated with the development 
of the raised valley rim and rebound of the valley bottom. 

These features include: 

1. sloughs and wet depressions paralleling the valley 
edge and located several hundred yards back from 
the valley rim at the point the ground surface 
begins to rise into the valley rim. In a number of 
cases, a depression in the ground surface parallels 
the valley edge and appears to be associated with 
the raised rim effect. 

2. parallel gulleys and tributaries which parallel the 
main valley wall for some distance before entering 
the main valley at right angles. 

3. reversed drainage where the valley rim is well pro- 
nounced. Drainage is away from the valley trench 
and only a few major tributaries have breached the 
valley rim to enter the main valley. 

4. development of flooded depressions and swamps on 


terraces elevated well above the present river level. 
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Rapid downcutting of the river channel has produced 
rebound along the river edge of the elevated ter- 
race which contributes to the formation of swamps 
and sloughs on these terraces. 

These features will be discussed in more detail in 
Chapter VII of this thesis. Several general points regard- 
ing the occurrence of the raised valley rim were noted in 
the course of the study. 

1. The feature is best developed immediately above a 
steep, stable valley wall. For example, along the 
Pembina River the feature was best developed imme- 
diately above the outside of meander bends where 
the valley wall was inclined at about 1l:l. Typi- 
cally, no evidence of a raised rim was present 
above slip-off slopes where the valley wall was 
inclined at about 5:l. 

2. A number of the valleys visited, notably the Peace 
River between Dunvegan and Peace River town and the 
Red Deer River in the vicinity of Drumheller, showed 
little or no sign of a raised rim along the main 
valley. However, a raised rim occurred along val- 
leys and coulees tributary to the main valley. 

3. The raised rim appears to be best developed where 
glacial deposits are thin. 

The raised valley rim is surface expression of flexure 
in the bedrock of the valley walls. At a number of the dam- 


sites discussed previously, notably Hairy Hill, Carvel and 
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Boundary, clear evidence of upwarping of the strata in the 
valley walls exists from drilling results but no raised 
valley rim occurs. At Hairy Hill Damsite the irregular 
surface topography has obscured the effect while erosion 
has apparently removed the raised rim at Carvel Damsite and 
Boundary Dam. 

Valley flexure should cause bedrock strata, if ini- 
tially flat-lying, to dip gently into the valley wall on 
both sides of the valley. This phenomena has been noted by 
Underwood (1964) in the Niobrara formation along the Mis- 
souri river as discussed in Chapter II. Attempts to measure 
this effect in outcrops along several river valleys in 
Alberta met with little success due to the scarcity of out- 
crops undisturbed by slumping and the absence of marker 
beds where a dip could be measured to the required accuracy. 

However, at several locations in the study area, 
valley flexure can be observed in the field. The upwarping 
of the coal beds towards the valley at Boundary Dam, Plates 
2.1 and 2.2, has been discussed previously. A similar 
feature is visible in an apparently undisturbed outcrop of 
the Edmonton formation in a highway cut on the north bank 
of the Sturgeon River near Gibbon, Alberta, approximately 
17 miles northeast Sramamonton: A view of the outcrop is 
shown in Plate 3.5 which consists of white-weathering ben- 
tonitic sandstone interbedded with several thin grey benton- 
ite layers. A rise in the beds towards the valley is 


visible. 
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A survey made on the outcrop of one of the bentonite 
beds, located approximately halfway up the slope, is shown 
in Figure 3.50. The regional dip of the bedrock is 20 to 
40 feet per mile to the southwest (Carlson, 1966) and a 
flattening of dip and actual rise of the marker bed occurs 
as the valley is approached. No evidence of slumping was 
visible in the outcrop. It should be noted that no equiva- 
lent road-cut exists on the south side of the Sturgeon Val- 
lay at this point and it was not possible to observe the 
behaviour of the strata on the opposite side of the river. 

Local variations in dip or 'rolls' have been docu- 
mented in the Edmonton formation (Pearson, 1959) and are 
considered due to ice movement during the Pleistocene. It 
is possible that the upwarping of beds noted at Gibbons and 
Boundary Dam is due to local variation in dip due to ice 
movement or depositional environment. The weight of evi- 
dence showing the ubiquitous occurrence of valley rebound, 
valley flexure and raised valley rim makes this a somewhat 
remote possibility. 

No attempt was made in this study to document the 
frequency of occurrence of a raised valley rim along a 
given section of river although in certain areas, such as 
along the South Saskatchewan River near Redcliff, Alberta, 
the raised rim occurred along most of the valley crest for 
a number of miles. Plate 3.6 shows a view of the raised 
valley rim near Drumheller. 


The feature is certainly very common along the Missouri 
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River in South Dakota as was discussed previously in this 
chapter. Raised valley rims are also prevalent along other 
reaches of the Missouri River. Profiles of slopes mapped 
by the U.S. Army Corps of Engineers (Fleming et al., 1970) 
at 23 sites along the upper Missouri show raised valley 
rims at 9 of the sites, no rims at 3 of the sites and at 
the remaining 11 sites the profile was not extended back 
from the valley crest far enough to show the behaviour of 


the ground surface. 


3.7 Discussion of the Geologic Evidence of Rebound 
The data presented in this chapter indicates that 
wherever a major river valley has downcut through the rela- 
tively soft, overconsolidated, Cretaceous bedrock of the 
Study area, large amounts of vertical rebound occur below 
the valley bottom accompanied by valley flexure and, in 
some cases, a raised valley rim. Faulting or crushing of 
beds, as noted in the Pennines and Allegheny Plateau, do 
not appear to occur in the study area although some distur- 
bance of the upper bedrock was noted in the large diameter 
testpits at the Ardley Damsite. No evidence of plastic 
failure or bulging as documented in England and Europe has 
been noted in the study area. 
Two primary problems must now be considered: 
1. The mechanism(s) which cause the valley anticlines 
noted in the study area, the valley bulges in Eng- 


land and Europe and failure and crushing of strata 
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documented below the valleys in the Pennines and 
the Allegheny Plateau. 
2. The effects of this behaviour on the properties of 


the bedrock below and adjacent to the valley. 


Mechanism of Rebound: It would appear that three distinct 
types of feature have been documented below river valleys 
in various parts of the world. The "wrinkles" noted by 
Watts (1906), Lapworth (1911) and Sandeman (1918) below 
valleys in the Pennines in England occur in hard competent 
rock. Sandeman (1918) notes rock from the Millstone grits, 
which immediately overlies the Yoredale Rocks in the valley 
bottom, was quarried and used to build the Derwent and How- 
den dams. The unit weight of the quarried rock varied from 
tS eeOel 70. D.C. le and it had.a {icrushing strength, from. 400 
to 500 tons per square foot" (Sandeman, 1918, p. 165). The 
rocks in-situ appear to have failed in a brittle mode with 
a sharply defined buckle located under the center of the 
valley. 

The valley bulges discussed by Hollingworth et al., 
(1944) and Zaruba (1956) occur in soft plastic shales or 
clays. Evidence of plastic failure and flow have been 
documented. The observations of Rowe (1968) at Staunton 
Harold dam indicate the rock below the valley has either 
failed under high lateral stress or been badly weathered. 
The presence of shale fissured into "lumps the size of dice" 
and a low undrained strength (a mean of 17 p.s.i.) indicates 


some process has greatly reduced the strength and competency 
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of the rock. 

The observations of Ferguson (1967) on dam core 
trenches in the Allegheny Plateau indicate thrust-faulting 
of competent members and plastic failure and flow of weaker 
members. 

A number Of mechanisms have been proposed to explain 
the cause of these features. Lapworth (1911) attributed 
the broken and contorted strata below valley bottoms to 
landslide activity on either side of the valley although 
other possible causes mentioned included the weight of the 
Sides of the valley and high lateral pressure crushing the 
strata below the valley. 

Hollingworth et al., (1944, p. 27) considered the 
valley bulges in the Northampton Ironstone field to be due 
to differential loading as the "excess load on either side 
of the valley would cause a squeezing out of the clay 
towards the area of minimum load with a consequent forcing 
up of the rocks in the valley bottom". Weathering of the 
rocks, swelling of the clay due to wetting and loading of 
the valley walls by ice during the later stages of glacia- 
tion were also considered possible mechanisms of bulging. 
Kellaway and Taylor (1952) consider the valley bulges to be 
due to formation of ice-lenses as has been previously dis- 
cussed. 

Mechanisms suggested by Zaruba (1956) to explain 
valley bulging include plastic deformation of the underlying 
clayey rocks under differential load and swelling due to 


load removal. 
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Ferguson (1967) considers the folding and thrust- 
faulting noted below river valleys in the Allegheny Plateau 
to be due to high lateral stresses which fail the rock 
below the river valley in a manner analogous to a strut 
in compression. 

Several of the proposed mechanisms appear somewhat 
unlikely. Landslide behaviour at the Beverly bridge is 
described in Appendix B and it appears unlikely that slide 
activity could cause the features noted in the pier excava- 
tions at this site. Landslides occur at a number of sites 
in the study area where a well defined valley anticline is 
documented but, as will be discussed later, it appears more 
likely that they are the result of this feature, not the 
cause of it. High artesian pressures may be postulated as 
the cause but none exist presently at Staunton Harold dam 
(Rowe, 1968). 

Periglacial phenomena may be the dominant mechanism 
which formed the valley bulges in Britain and Europe, how- 
ever, insufficient knowledge presently exists on the mechan- 
ism of formation of ice lenses in bedrock to allow a quali- 
tative analysis of this mechanism. 

Two main mechanisms exist which can be evaluated 
using present knowledge of the mechanics of materials. 

1. Failure of the rock below the valley under high 
lateral stresses in a manner analogous to buckling 
of a laterally loaded strut. 


2. Vertical rebound of the rock below the valley bottom 
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due to removal of superincumbent overburden and 
bedrock. The rebound would have both immediate 
and time-dependent (or swelling) components. 

The mechanism of folding and fracturing of laterally 
loaded strata has been studied by various geologists using 
elastic and visco-elastic theory as discussed by Ramsay 
(1967). The theory of elasticity has been used by Price 
(1967) to study the initiation of folds and buckling of 
bedrock in the upper portion of the earth's crust where 
temperatures and confining pressure are relatively low. 

The Euler buckling criteria was used by Price (1967) 
where the force to initiate buckling (PuYritical) was taken 


as: 


Poritical = nEI 
L2 Ghee 

where E is the modulus of elasticity of the rock, L is the 
length of rock unit and I the moment of inertia. For a rec- 
tangular strut I = a3b/12 where d is the depth and b is the 
width of the unit. 

tae a bed of rock of depth d and length 1 below the 
bottom of a valley is considered and it is assumed that no 
cohesion acts across the bottom contact of this bed then 
the stress required to initiate buckling using this criteria 
£9: wee 


© critical = ee Ei 
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Euler's buckling criteria ignores the effect of the 
weight of strut and any vertical pressure due to superin- 
cumbent rock or overburden. 

The critical stress required to initiate buckling is 
shown in Figure 3.51 for lengths of strut of 500 and 1000 
feet, moduli of elasticity of 100,000 and 1,000,000 p.s.i. 
and thicknesses of bed up to 20 feet. The results indicate 
that buckling of the upper layers below the valley could 
Occur under lateral stresses of a few hundred p.s.i. if the 
bedrock is divided into a layered medium with no cohesion 
between the beds. 

A more representative criteria would include the 
self-weight of the strut. Goldstein (1927) found for a 


clamped strut there is stability for any length when 
R < V4KB (32:3) 


where R is the buckling force, B is the flexural rigidity 
and K is the force (on unit weight) resisting buckling. 
The ‘critical stress, below which buckling cannot: occur, is 
shown in Figure 3.52 for E varying from 10,000 p.s.i. to 
1,000,000 p.s.i. This figure shows buckling is not possible 
in 4 competent stratified rock mass unless lateral stresses 
in the order of several thousand p.s.i. exist and the rock 
is bedded into individual layers a few feet thick. 
Information on in-situ stresses and a detailed des- 
cription of stratigraphy and bedrock properties at a loca- 


tion is scarce. However, data from Portage Mountain Dam 
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FIG. 3.52 CRITICAL STRESS FOR BUCKLING TO OCCUR IF SELF 
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indicates maximum lateral stresses in the order of several 
thousand p.s.i. do exist at this site. Assuming a modulus 
of elasticity of 1,000,000 p.s.i., buckling in the top 3 
or 4 feet of the bedrock appears possible using the Gold- 
stein model. The Euler criterion indicates that buckling 
of the top 30 feet of the bedrock is possible. 

These results assume that, over the depth of buckling, 
there exists an intact, ideally elastic member bounded by a 
bottom bedding plane across which no cohesion acts. The 
effects of frictional forces along the bottom surface, 
sequential buckling of several layers and the effects of 
joints in the layer are ignored. Interbedding of the strata 
would inhibit buckling. 

The observations from the Derwent Valley dams (Sande- 
man, 1918) and Portage Mountain Dam (Imrie, 1967), where 
alluvial infillings were observed along bedding planes, 
indicates actual separation between beds below the valley 
bottom has occurred. Buckling under lateral stress appears 
to be the only mechanism which could cause this effect. 

The open bedding planes described by Ferguson (1967, p. 64) 
below valleys in the Allegheny Plateau are apparently due 
to the same cause. These three areas, the Pennines in Eng- 
land, the Allegheny Plateau in the eastern United States 
and Portage Mountain Dam in the foothills of the Canadian 
Rockies, may have high tectonic lateral stresses due to 
ancient or present mountain building. Numerous cases where 


high lateral stresses have been measured underground are 
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reviewed by Jaeger and Cook (1969) and horizontal stresses 
of relatively large magnitude (several thousand p.s.i.) 
have been measured at moderate depths in Sweden, Australia 
and Portugal. 

Indirect evidence of high lateral stress at shallow 
depth is given by Coates (1964) due to the cracking and 8 
foot heave of the floor of an open pit mine cut 50 feet 
deep into thick bedded limestone. An analysis using the 
Euler buckling criterion indicates that a horizontal stress 
field of about 2000 p.s.i. caused buckling. The method of 
analysis used is only a first approximation to actual con- 
ditions but it is of interest to note that this figure is 
close to the values of lateral stress measured at Portage 
Mountain Dam. 

It appears unlikely that lateral stresses of such 
Magnitude to cause buckling (upwards of 1000 p.s.i.) exist 
in the Cretaceous bedrock below the valleys of the study 
area as the lateral stresses acting in-situ are apparently 
due only to overconsolidation. An average amount of 
material removed by erosion during the Tertiary would be 
in the order of 2000 feet. Thus, bedrock now existing 
below a 300 foot deep valley would have had an overconsoli- 
dation ratio of close to 8 prior to valley formation. Data 
published by Brooker and Ireland (1963) (given in Figure 
2.4) indicates the coefficient of earth pressure at rest 
would be about 1.2 for bedrock with an angle of shearing 


resistance of 25 degrees. Thus, lateral stresses immediately 
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below the valley bottom should not exceed 400 p.s.i.- Some 
increase in lateral stress may occur due to the stress- 
concentrating effect of the valley (Jaeger and Cook 1969, 

p. 361) but for most of the valleys in the study area this 
effect should not be large. A study of the buckling cri- 
teria including self-weight, shown in Figure 3.52, indicates 
that lateral buckling of more than the top few feet of the 
bedrock is not possible if lateral stresses in the order of 
500 p.s.i. are present. 

Buckling of the bedrock under high lateral stresses 
appears to be physically possible mechanism. However, ini- 
tiation of buckling leads to an inward movement of the ends 
of the buckled layer which would cause a sharp reduction of 
the force causing the buckling. For buckling to continue, 
and lead to extreme flexure of the bedrock, would indicate 
that the force causing the buckling would have to increase 
to the critical to cause further movement. Whether the 
tectonic forces, which presumably have caused the deforma- 
tions at Portage Mountain Dam, in the Pennines and in the 
Allegheny Plateau, behave in this fashion cannot be con- 
firmed as little is presently known about their nature or 
Origin. 

Documented evidence indicates that buckling can occur 
below river valley bottoms. This phenomena was observed at the 
discharge tunnel excavation at Underbank Dam in the Little 
Don Valley which has been previously discussed (Watts, 1906). 


The trench was excavated at the toe of the valley wall 
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parallel to the valley axis. The floor of the 18 feet 
deep excavation appears to have buckled under high lateral 
pressure. Separation of beds occurred and actual tensile 
failure of the rock due to the folding occurred as "the 
anticlinal part of the folded rock was quite 'drummy', and 
lines of fracture ran along the ridge" (Watts, 1906, p. 
675-676). High artesian pressures may have contributed to 
the buckling as testholes showed "a copious flow of artesian 
water many feet above the bed of the river" (Watts, 1906, 
Be. bi 4 ) x 

The presence of relatively high lateral stresses may 
explain the presence of the disturbed zones noted in the 
bedrock at Ardley damsite (Section 3.3) and at the James 
MacDonald bridge (Appendix B) where apparent disturbance in 
a siltstone bed located between two more competent beds was 
Observed. Terzaghi (1961) considered the upper 40 feet of 
the London Clay at Bradwell to have failed due to high 


lateral stresses with Ky approaching K, (the coefficient of 


p 
earth pressure for passive failure). Yudhbir (1969) found 
that shear failure of overconsolidated samples can occur 
during unloading in the oedometer test. 

The data presented indicates that several modes of 
failure of bedrock below river valleys are possible. Data 
gathered indicates that the bedrock below the valleys in 
the Pennines, the Appalachian Plateau and the Peace River 


at Portage Dam may have failed by buckling under high 


lateral stresses which are probably tectonic in origin. 
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The bulged valleys noted in Britain and Europe may be due 
to formation of ice lenses associated with periglacial con- 
ditions or to high lateral stresses causing plastic failure 
and large deformations. Observations presented by Rowe 
(1968) from Staunton Harold Dam indicates the bedrock has 
failed, however, insufficient evidence on site geology and 
bedrock properties exists to permit an analysis of the 
mechanism of valley bulging. 

Both field observations and the simple elastic ana- 
lysis indicates that buckling is not the dominant mechanism 
which formed the valley anticlines in the study area. A 
factor pointing to the dominant mechanism being rebound due 
to stress relief, besides the qualitative agreement with 
displacements predicted using finite elements and the theory 
of elasticity, is the correlation of magnitude of rebound 
with stiffness of the bedrock. Table 3.5 summarizes the 
cases documented and laboratory results available on the 
modulus of elasticity of the bedrock at each site which are, 
in most cases, tangent or secant moduli from unconfined 
compression tests. The laboratory determination of E is 
effected by numerous factors as will be discussed in Chapter 
IV; the modulus of elasticity from an unconfined compression 
test serves merely as an approximate indication of the rela- 
tive stiffness of the rock. 

Table 3.5 shows a marked trend for larger amounts of 
rebound to occur below valleys cut into bedrock with a low 


modulus of elasticity. The maximum amounts of rebound in 
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COMPILATION OF MAXIMUM VALUES OF REBOUND AND REPORTED VALUES OF E 


Site 


1. Ardley Damsite 
2. Boundary Dam 


3. Carvel Damsite 


4, Hairy Hill Damsite 

5. Portage Mountain Dam 
6. Rocky A Damsite 

7. Sounding Creek 

8. St. Mary Dam 

9. Three Rivers Damsite 
10. Tomahawk Damsite 

ll. Pembina 3A Damsite 

12. James MacDonald Bridge 
13. Garrison Dam 

14. Gavins Point 

15. Bowman-Haley 

6. Twelvepole Creek Damsite 
17. Smithville Damsite 
18.*A. G. T. Excavation 


19.*South Saskatchewan Dam 


Seartificial excavation 


Maximum 
Rebound oy H 
Gis mde j 
12 -08 
6 2 OY 
5 4.925 
6 SVE 
iS ~ O75 
4 - 036 
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4 - 08 
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7 05 
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6 . 06 
0 .25508:007 


- - 007 


En (De Selena 


8,400-12,000 p.s.i. 


26,100 p.s.i. (shale) 
53,000 p.s.i. (sandstone) 


6,300 p.s.1.({Lea-Park) 


2.4-5.3x10° Dieses 


1x10© p.s.i. 
0.6x10° Ds Sea. 
15,000 p.s.i. (sandstone) 
44,800-75,600 p.s.i. 
14,000—407000%pss.2. 
20,000 p.s.t. 
17 540% s a 
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the valley centers range from about 3 to over 10 percent of 
the valley depth for sites where E of the rock is less than 
50,000 p.s.i. Artificial excavations which have been dis- 
cussed in Chapter II typically show values of rebound of 
less than one percent of the excavation depth showing the 
importance of time on the amount of rebound measured Hells 
given site. The time-dependent rebound, over the centuries 
the valleys have existed, has contributed the major propor- 
tion of the vertical rebound. This component of rebound, 
or 'swelling', can be considered as elastic rebound as the 
rate of rebound due to 'swelling', several decades after 
completion of the Fort Peck spillway, is a function of the 
stress removed (Fleming et al., 1970). However drained 
rather than undrained moduli would be required to predict 
the ultimate value of rebound. 

The rebound in the valley center can be approximated 
as one dimensional rebound. Assuming the bedrock to act as 
a linearly elastic material, the one dimensional rebound b 


Ws : 


5 = oie 


5 E (3.4) 


where 4” is the stress relieved by valley formation, E is 
the modulus of elasticity of the bedrock and z is the depth 
of rock contributing to the rebound. This simple model 
assumes a homogeneous isotropic elastic mass; in nature E 


should increase with depth (Chang and Duncan, 1970) and 
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should become completely rigid, for practical purposes, at 
some finite depth. The assumption of a constant value of 
E acting over a depth z is therefore a simplifying assump- 
tion and results from the one-dimensional model must be 
interpreted accordingly. 

The rebound $ is given by: 


Spat GES 
E (3.65%) 


where 8 is the average unit weight of rock removed during 
valley excavation and H is the valley depth. Thus, the 
rebound expressed as a percentage of valley depth is: 


Bien BZ. 


H E (3.6) 

A series of curves for assumed thicknesses of elastic 
material z are shown in Figure 3.53 assuming ¥ to be 144 
p.c.f. The values of rebound from Table 3.5 can be seen to 
follow the general trend as predicted by the one-dimensional 
rebound model. This model overestimates rebound as it assumes 
no decrease of A® with depth. However, at shallow depths the 
error is small although at a depth to valley width ratio of 
1.0 the one-dimensional model will overestimate rebound by 
about 41%. 

The two sites departing from this trend are Portage 
Mountain Dam in British Columbia and Smithville Damsite in 
Kansas. Both are located in a different geologic environ- 
ment; the sites in the study area have elastic rebound as 
the mechanism of formation of the valley anticline while 
Portage Mountain and Smithville apparently have another 


mode of formation for their anticlinal structures. 
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The Effects of Rebound: The downcutting of a river valley 
through a sedimentary rock sequence which has a low modulus 
of elasticity will result in vertical rebound of the valley 
bottom as a function of E of the bedrock and the magnitude 
of the stress relieved. Valley anticlines, with associated 
valley flexure, appear to underlay all the valleys cut 
through the Cretaceous bedrock of the study area and the 
Magnitude of the rebound can be approximated by the ratio 
of the depth of valley to the inverse of the modulus of 
elasticity of the rock. 

The effects of valley bulging on the design of 
engineering structures in England and Europe is discussed 
by Zaruba (1956) and Higginbottom and Fookes (1970). The 
buckling of beds in the valley bottoms of the Pennines is 
discussed by Watts (1906), Lapworth (1911), Sandeman (1918) 
and Walters (1962) and has necessitated the excavation of 
deep cutoff trenches to provide a positive cutoff through 
the previous buckled strata. Larger immediate settlement 
of dams placed on bulged or buckled foundations can be 
expected than for similar structures placed on intact bed- 
rock. In the event grouting is used for underseepage 
protection at a damsite, the presence of bulged beds would 
lead to a marked increase in the grout take and may modify 
the entire grouting program. 

No comprehensive discussion has been found in the 
literature as to the effect of valley bulging on the slope 


stability of the valley walls. The references quoted 
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previously by Lapworth (1911), Sandeman (1918) and Zaruba 
(1956) show clearly that large differential movements have 
occurred between beds under the valley and valley walls. 
Ferguson (1967) noted the occurrence of mylonite or gouge 
along bedding planes which is apparently due to lateral 
movement between the beds. These differential displace- 
ments have apparently been large enough to shear the rock 
to the residual for considerable distances back into the 
hillside with "pieces of shale from trial headings driven 
hundreds of feet into the hillside being perfectly polished 
by the movement" (Lapworth 1911, p. 38). The occurrence of 
landslides in the valley walls correlated so well with the 
Occurrence of buckled beds that Lapworth considered the 
disturbance in the bedrock to be due to slide activity. 
Sliding between beds was noted by Sandeman (1918, 

p. 155-156) in the Yoredale Rocks below the Derwent valley. 

"An examination of the section of this wrinkling of 

the ground surface - which was more marked on the 

southern side of the trench, where there was a dou- 

ble folding - will show that there must have been 

considerable sliding of one stratum upon another, 

and that this sliding was a maximum at the top of 

the broken strata - in the centre of the disturbance - 

and at a minimum at the bottom, where it will, be ob- 

served the beds gradually become more nearly hori- 

ZOntal .." 

Landslide activity is a common feature in the area 

as described by Sandeman (1918, p. 155). 

"The Derwent Valley and the adjoining Ashop Valley 

contain many old landslides, and one at the junc— 

tion of the two valleys is very extensive, being 

apparently 3/4 mile in length. The Ashop Valley 


in particular for a considerable distance shows 
signs of continuous landslides." 











sdyisS bas (810f) asmobase , (1L@L) dAtxowgedk Ye Ye 

eval etnomovom [sitapisitibh sprst ged yJ x19: is one ( | 
-alisw yolisv Sas yelisy eds ashnv ebed™ ad ie . 8 > 

apuop 10 stinolym to sansriyeD°0 Sat bston (reer), net : 
Jexotct ot. sub yitaeiwsggs et dose zonsiq. te a ‘ = 


} Paes 


~sosiqaib istiners?thb seed?  .ebed edt noowsted , 19M et : 


Apexi oft usorie od dpuone epusl assed ylomewsqgs vat rm 
gt 


ta ie 
neviazb epatbson Lsix+ mort elsde 20 asosig” ae a r 
08 


betleticog yistositxeq patod abiettid ods atak tee3 2 
























eit otni Aosd esonsteib sldsxebtanea 102 subi 


Ro eonsiausco sd? .(8€ .q) ,fber davowded) “Za 
od ditiw Lfew oz bojslextoo ellsw yellev ond at 
atid hersbienco dtxrowgsd tds efied be Ligud to 
Ytividds sbile o% sub sd o+ ASo1bed sm £ i a 
,~8{@Ll) msamebnse yd boston esw ebod asewted 
»yelisy taewied oft wolsd edsof eiabs10Y¥ ong at (a2 
io pick:t ede sind 10 mobtase odd 30. k Bhi Sd AP). 
ead ao boxtxsm stom aaw doiciw - a sin aot ‘an 


“vob & Bw sxsd3 stodw ,doaest oft to shia of yor 


~< EBE ‘ 3 
taed eved teum orott teat worla’ {liw Sia) 


,isdjens aogu mutsxte eno to poe . oa 
PAP gid sft 35 msm 6 A 5 26w a 
o datb oft io sudm¥o edd ai - « ads 
~do eo {fiw Ji otodw , sdt 35° ube & 


-tzo ylison sx10m once gthenbere. 


i) 


5918 orld ai 9303552 -nomiies 6 et vais al > mel ¥ 


1 (82t 4 ean ‘sendin Y 
ane Pn oid. ‘bam aid eigen! eee 
ete autlliy gd 


Perey net Ay 5 Pre telus 
beter ¢vemy$e ae 


226 


The relative displacements between beds noted by 
Sandeman (1918), Zaruba (1956) and Ferguson (1967) appears 
to be due largely to the mechanism of flexural slip due to 
folding, as is discussed in Chapter V. The slickensiding 
of shale in the trial drift noted by Lapworth (1911) may 
be due to flexural slip combined with the effects of dif- 
ferential lateral movements due to lateral stress relief. 

Observations made at the bridge sites in Edmonton, 
Alberta reveal similar, although less strikingly defined, 
features. The presence of mildly polished gouge zones 
below the river bed shows lateral movement has occurred 
between the strata. The slickensided surfaces in the 
bentonite bed in the valley wall shows that the residual 
strength can be reached adjacent to a valley by processes 
Other than previous sliding. Three mechanisms appear likely 
to explain the observed slickensides on a mechanical basis. 

1. Unrestrained swelling of the bentonite towards the 
valley wall due to absorption of water percolating 
down through the fractured bedrock. This mechanism 
lies outside the scope of this thesis and is dis- 
cussed in detail by Eigenbrod (1972). 

2. Differential displacement across the bentonite layer 
due to stress relief and elastic rebound. The 
stiffness, and hence modulus of elasticity, of the 
bentonite is much lower than that of the surrounding 
bedrock and stress relief and rebound should result 
in relatively large shear strains across the weak 


layer. 
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3. Flexural slip between strata due to folding as a 


function of thickness of bed and change in dip. 


Field evidence exists to support the occurrence of 
these mechanisms. The high moisture contents and softened 
upper shale noted during study of the bentonite bed at the 
Beverly bridge (Appendix B) indicates swelling has occurred, 
in the upper portion of the bentonite layer at least. The 
well defined failure surfaces on both contacts of the ben- 
tonite bed are consistent with failure occurring due to 
rigid restraint along the bentonite-shale contacts while 
the bentonite expands towards the river. The increase in 
thickness of bentonite layers towards the banks of the 
Missouri River in the Niobrara chalk (Underwood, 1964) 
shows clearly that a considerable amount of swell can occur 
in bentonite layers adjacent to a valley wall. 

The occurrence of secondary failure planes and the 
inclusions of hard shale in the bentonite matrix appear to 
be the results of large differential movements across the 
bentonite layer due to stress relief. 

The review of data published on landslide activity 
in the study area in Chapter II indicates that the stability 
of most of the valley slopes in the study area, in the 
weaker formations at least, are governed by residual strength 
or a strength appreciably less than the peak. The presence 
of sheared surfaces along bed contacts and bentonite layers 


strongly suggests that the landslides, which are controlled 
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by the residual strength, are the result and not the cause 
of these features. The data presented shows that the 
strength of the bedrock has been reduced to the residual 

by mechanisms due to valley formation - flexural slip due 
to rebound and large differential movements across bentonite 
layers. Subsequent slope stability is then largely depen- 
dent upon groundwater conditions and height and inclination 
of slope. The presence of bentonite layers at the residual 
strength does not preclude the existence of high valley 
walls inclined at a steep angle provided the piezometric 
level is low as has been discussed in Chapter II. 

Further discussion on the engineering implications 
of the points discussed in this chapter will be given in 
Chapter VI. Regardless of cause, the results of rebound 
due to valley formation, lateral movements of the valley 
walls and flexural slip, have results which affect the 
stability of the valley walls and the design and construc- 
tion of any engineering works which may be undertaken in or 


adjacent to the valley. 
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CHAPTER IV 


FINITE ELEMENT ANALYSIS OF RIVER VALLEY FORMATION 


4,5) ineroduction 

The cases documented in Chapters II and III show 
that the unloading due to a large excavation, either arti- 
ficial or natural, results in an upward rebound of the 
excavation floor and an inward movement of the excavation 
walls. A change in stress due to the excavation occurs 
throughout the adjacent soil or rock mass. The displace- 
ments resulting from the excavation and the final state of 
stress in the material adjacent to the excavation can be 
found if the excavation (or valley) is cut in a linearly 
elastic material. 

The one-dimensional elastic analysis in Chapter III 
indicates that elastic rebound is the dominant mechanism 
in the formation of the valley anticlines noted in the 
study area. Therefore, this chapter will analyze the dis- 
placements which will result from river valley formation 
in a homogeneous, isotropic elastic material using a 
range of elastic and in-situ stress parameters appropriate 
to the bedrock of the study area. 

The stress-strain behaviour of soil and rock and 
the factors which influence the determination of the modu- 
lus of elasticity of these materials will be reviewed. 


The displacements due to elastic rebound for a typical 
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valley section in the study area are found by use of the 
finite element method. The effects of valley geometry, 
depth of finite element grid and increase in E with depth 


On displacements are evaluated. 


4.2 The Stress-Strain Behaviour of Soil and Rock 

The theory of elasticity, discussed in such standard 
texts as Chou and Pagano (1967) and Timoshenko and Goodier 
(1970), assumes that the material possesses characteristic 
elastic constants, the modulus of elasticity (E) and Poisson's 
ratio (v). In an ideal elastic material E and V are mate- 
rial properties. Most soils and rocks depart markedly from 
this assumption and the stress-strain behaviour of the bed- 
rock of the study area is extremely complex. A value of E 
and y is not a fundamental property of a soil or rock but 
rather a value which describes the response of the sample 


under a particular set of conditions. 


Laboratory Determination of E: No standard procedure exists 


for the determination of the modulus of elasticity of a bed- 
rock sample in the laboratory. Standard engineering prac- 
tice is to derive E from the stress-strain curve of uncon- 
fined or undrained triaxial tests. Results are reported 

as a tangent or secant modulus. The tangent modulus is 

the slope of a line tangent to the stress-strain curve at 
some point while the secant modulus is the slope of a line 
connecting two points on the curve. Unloading of the 


sample usually results in a steeper stress-strain curve 
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and, hence, gives a higher rebound modulus than initial 
loading. A typical stress-strain curve is shown in Figure 
ak. 

Research by Ward et al., (1959), Ladd (1964), Ward 
et alvajes(1965) , Soderman et al., (1968), Hendron et al., 
(1970) and others has shown that large variations exist 
between laboratory values of E for a given soil or rock 
depending upon a number of factors which are discussed 


below. 


1. Shear Stress Level: Ladd (1964) noted that a reduction 
Occurred in E with increasing stress level for both normally 
consolidated and overconsolidated soils, with a marked 
reduction as the sample approached failure. Duncan and 
Chang (1970) show that the assumption that soils have a 
hyperbolic stress-strain curve leads to a procedure where 
the tangent modulus at any stress level can be calculated 
from the initial tangent modulus. Soils or rocks, where a 
high percentage of their shear strength is mobilized, will 
be characterized by a low value of E and a high displacement 


will result from a given stress change. 


2. Test Type and Drainage Conditions: Ladd (1964) found 
that undrained triaxial tests on normally consolidated 
clay samples yielded moduli approximately two to three 
times greater than unconfined compression test results. 


Consolidated-undrained triaxial tests, consolidated 
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initially to the in-situ vertical effective stress, gave 
moduli five to six times those from undrained tests and 
approximately eleven times the unconfined compression 
results. Soderman et al. (1968) found, for a clay till in 
southern Ontario, moduli derived from consolidated-un- 
drained triaxial tests to be two to four times greater 
than undrained results. 

Hendron et al., (1970) found the drained moduli, 
for soft shale of Pennsylvanian age from a bridge site in 
Ohio, to be about one third to one half of the undrained 
moduli for specimens at the same initial water content as 


shown in Figure 4.2. 


3. Confining Pressure: Janbu (1963) found that the ini- 
tial tangent modulus (defined as M by Janbu) of soil and 
rock samples increases with vertical effective stress in 


the triaxial test. It was found: 


q = 
M = cay (eoea) rac 
Taq (4.19 
where m = eG number in the order of 
to 10© for hard rock but de- 
Laces for increasing porosity 
OG, = atmospheric pressure 
a = an exponent approaching unity for 


rock, about 0.5 for sand and silt 
and approaching zero for normally 
consolidated clay 

Makhlouf and Stewart (1965) found a hyperbolic 


increase in the modulus of elasticity of sand in the tri- 


axial test with increasing lateral confining pressure. No 
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variation of E with maximum principal stress was noted. 
Mahtab and Goodman (1968) found an increase in initial tan- 
gent modulus with confining pressure for samples of schis- 
tose gneiss and Berea sandstone. 

Chang and Duncan (1970) found both the initial tan- 
gent and the unloading or rebound modulus of overconsoli- 
dated sand, clay and siltstone of the Tulare formation in 
California,to be related to lateral effective confining 


pressure by the relationship: 








: n 
E= K P. Se] 
Pes (4.2) 
where K = a modulus number 
nh = an exponent 
ad atmospheric pressure 


0' 3= lateral effective confining 
pressure 


4. Sample Disturbance: Sample disturbance has been shown 
to have an important effect on laboratory determination of 
E for borehole samples. Comparison of undrained triaxial 
test results on borehole and block samples by Ward et al., 
(1959), Ward et al., (1965) in the London Clay showed that 
soil sampling by conventional techniques led to a marked 
reduction in E. Lo et al., (1970) found, for an overcon- 
solidated lacustrine clay in Ontario, the moduli, from 
block samples, derived from consolidated-undrained triaxial 


tests were four to seven times those from borehole samples. 
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Soderman et al., (1968) found a higher rebound 
modulus in the undrained triaxial test for till samples 
carved from 4 inch diameter Shelby tubes than from 2 inch 
diameter Shelby tubes. Rebound moduli were higher from 
block samples than from any of the Shelby tube samples 
indicating that cycling the load does not remove all the 
effects of sample disturbance. The reduction in E was 


most marked in samples taken from small diameter tubes. 


5. Stress Path: The modulus of elasticity should be 
determined for stress increments corresponding to those 
which occur in the field and the test should start from 
the values of stress existing in-situ (Ladd, 1964). Con- 
ventional triaxial testing procedure determines a loading 
modulus, usually an initial tangent or a secant modulus at 
a stress level of 1/2 to 1/3 the failure stress. Simons 
and Som (1969) show that this procedure gives a secant 
modulus of 5,300 p.s.i. for a-.sample of blue London Clay 
in the undrained triaxial test. An analysis taking the 
probable in-situ stress conditions and stress path into 
account gave E = 12,800 p.s.i. 

The modulus found from unloading is commonly much 
higher than the initial loading modulus. Klohn (1965) 
studied the elastic properties of a dense glacial till in 
northern Saskatchewan in a testing program which compared 
the results of unconfined compression tests and undrained 


triaxial tests with the results of in-situ plate-loading 
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tests and moduli derived from rebound and settlement obser- 
vations. The results are shown in Table 4.1. Unconfined 
compression moduli are larger than the initial values of E 
from the undrained triaxial tests. The triaxial test 
results show a rapid increase in E with load cycling. lLa- 
boratory results are appreciably smaller than values of E 


derived from plate-bearing tests and field observations. 


TABLE 4.1 


VALUES OF E FROM SQUAW RAPIDS (KLOHN, 1965) 


Test Type Average E (p.s.i.) 

Unconfined compression 21,000 

Undrained triaxial-initial loading ir, OOO 

-rebound 48,300 

-reload 25,400 

In-situ Plate Bearing Tests-initial loading M000 

-rebound 112,000 

-reload 214,000 

Rebound Observations* 140,000 

Settlement Observations* 155:;,000 
* Assuming = 0.30 








6. Anisotropy: Overconsolidated soils are not isotropic 


and E is commonly found to be greater in the horizontal 


~rsedo tnomeitjee bas bngodsr mot? beviuesb FF , 
henttnoors .f[.8 eldest ni sa lla 
& to eovisv {sisint ond deds 7 XS te 


gee03 Istxsta3 oT 


“61 .pnifoyo. brol Aziw & at sesstant paguietat 
S io eswlsv nelt tefflsema yids tosyve@ds ors esiuect ¥ 
.snotisvrsedo Bbileit bas éteed pn tised-sieig, 


(@aer . moan) 


eo Taar WAUQS Mon’ ad 0 aaqUIAV 













a ie at 


pi Me 
-etesd Isteusix2 ed 


Senet catr se *, 
ety’. 
sid 








{.b. SUGAT , 


Pea i 


a 





(.£-8.q) 9 Sppitevaé 


¢ 


000,1IS 


000,11 
O0€ 5b 
008,28 


000,57 pa ibsol 


000 ,Sift 
000,615 


000, o8t 
000 ,eeL 


‘ 
aN A A, EE eR ai NR age —— ey 


tat is= ¢ oe 


tlinissonieibi 


.bavedet=— 


Indnosixod edt ae : 








| noteesxqmeo 296 
“eRe frre, 


paibsel Isijini-iskxstz3 benk 
beyodex- oF = aegis 

bsoler~ 

s (eae 

ta indthsaae eniised ¢ 


Dbeoisz- 


237 


than in the vertical direction. Barden (1963) showed that 
anisotropy will affect displacements measured for loading, 
or unloading, at the surface of an anisotropic mass; in 
excavation problems the rebound measured in the field 
should be somewhat less than the value calculated using 
values of E derived from vertical samples. 

The ratio of E (horizontal) to E (vertical) varies 
from 1.2 to 2.3 for the London Clay (Ward et al. 1959, Ward 
et al. 1965). Lo et al., (1970) found the modulus ratio 
to be about 1.4 for an overconsolidated glacio-lacustrine 
clay in southern Ontario. 

Wright (1969) found the Pepper shale (Cretaceous) 
from the Waco Dam in Texas (Van Auken 1963, Beene 1967) to 
be highly anisotropic with undrained secant moduli at 50 
percent of the deviator stress at failure averaging 2460 
p.s.i. for vertical samples and 7250 p.s.i. for horizontal 
samples. Samples of Bearpaw shale from the Fort Peck Dam 
in Montana showed horizontal undrained moduli to be an 
estimated two or three times greater than moduli from ver- 


tical samples. 


7. Time Effects: Thixotropy is the increase in strength 
measured in the laboratory with time at constant composi- 
tion. Ladd (1964) shows this effect is significant only 

in remolded soils or normally consolidated clays having a 


high liquidity index. 
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The rate of strain during testing normally or over- 
consolidated clay samples in the undrained and consolidated- 
undrained tests is shown by Ladd (1964) to have some effect 
upon the modulus. Lo et al., (1970) reports very small 
rate effects on values of E from consolidated-undrained 


tests on overconsolidated lacustrine clay. 


Field Determination of E: Methods have been derived to 
measure E in the field in view of the large number of fac- 
tors which affect the laboratory determination of the 
modulus of elasticity. A value of E can be derived from 

a plate-bearing test. This method suffers from several 
limitations: 

1. the value of y must be measured or assumed. 

2. the soil or rock mass is usually assumed to be a 
semi-infinite, homogeneous, isotropic, elastic 
material. | 

3. only a small segment of the soil or rock mass is 
stressed as plates much in excess of 12 inches 
diameter are too unwieldy for common uSe. 

An alternative method involves measuring the rebound 
of an excavation center and applying Steinbrenner's equa- 
tion (Terzaghi 1943, Harr 1966) to derive a value of E 
acting in the field. The displacement at the surface of 
the unloaded area is given by: 


2 
W= 2ag (1 -y") K 
E (4.3) 
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where W is the rebound at the excavation surface, q is the 
intensity of load relieved, vy is Poisson's ratio and E is 
the modulus of the homogeneous, isotropic semi-infinite 
elastic mass assumed in the derivation of this expression. 
K is an influence factor dependent upon the dimensions of 
the unloaded area. 

Measurements of displacement permit E to be calcu- 
lated if ¥Y is known or assumed. The two main defects in 
this approach are the difficulty in allowing for complica- 
ted field boundary conditions and the assumption of a semi- 
infinite homogeneous elastic mass. Laboratory values of E 
have been shown to increase with confining pressure, hence 
E should increase with depth in the field. Therefore, 
moduli derived from Steinbrenner's equation will be an 
average of the actual variation of E with depth and will 
be considerably higher than laboratory values of E deter- 
mined at zero or low confining pressure. Agreement of 
laboratory moduli and values of E derived from field obser- 
vations is thus unlikely for soil or soft rock. 

The effect of depth of elastic material has been 
Studied by Egorov (reported by Harr, 1966) who tabulated 
values of K for use in Equation 4.3 for a homogeneous 
elastic body underlain at depth Z by a rigid base. Results 
are presented for both the no friction case (VT = 0 ) and 
the case of no displacement ( u = 0 ) along the contact 


with the rigid base. 
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Comparison of Field and Laboratory Values of E: A number of 


documented cases exist where laboratory values of E have 
been compared to moduli derived from field behaviour. Poor 
agreement is generally found which can be expected in view 
of the many factors which influence laboratory derived 
moduli and the assumptions, implicit in Steinbrenner's 
equation, which are at variance with actual conditions 
existing in the field. 

Simons (1957) studied the behaviour of two buildings 
founded on normally consolidated soil in Norway. Values of 
E were determined at half the failure deviator stress from 
unconfined compression tests and consolidated-undrained 
triaxial tests consolidated to the in-situ vertical effec- 
tive stress. The moduli from the triaxial tests were two 
to four times the field derived moduli and the unconfined 
compression moduli were 1/3 to 1/5 of the field results. 

Serota and Jennings (1959) derived a value of E of 
1200 t.s.f. for London Clay from rebound measurements taken 
in a 27 foot deep excavation. Initial tangent moduli from 
undrained triaxial tests ranged from 80 to 400 t.s.f. 

Bozozuk (1963) derived values of E for the Leda 
clay from rebound measurements in excavations for the 
Ottawa sewage treatment plant. Field results agreed well 
with the maximum initial tangent modulus from unconfined 
compression tests on block samples if ¥Y were assumed equal 
to 0.40. This correspondence appears fortuitous in view of 


the factors previously discussed. 
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The elastic properties of the dense glacial till 
studied at Squaw Rapids by Klohn (1965), have been given 
in Table 4.1. Field moduli derived ane Steinbrenner's 
equation are approximately 7 times those found in unconfined 
compression tests and 6 times those found from undrained 
triaxial tests. The moduli derived from field observations 
of rebound and settlement were approximately twice those 
found from plate-bearing tests on initial loading. 

Peterson (1965) reported the value of E for the 
Bearpaw shale at the South Saskatchewan River Dam to vary 
from 7000 p.s.i. in laboratory undrained triaxial tests to 
over 30,000 p.s.i. derived from rebound measurements 
assuming vy = 0.50. 

Meigh and Greenland (1965) compared the results of 
plateloading tests, pressuremeter tests and laboratory 
tests in the Coal Measures mudstone and sandstone, Keuper 
marl and Bunter sandstone in England. A reasonable corres- 
pondence occurred between modulus values obtained from 
plate-bearing tests and the results of the Menard pressure- 
meter. Laboratory tests on open-drive samples were con- 
siderably different due to sample disturbance. 

Ward et al., (1968) studied the properties of the 
Middle Chalk in Norfolk, England. Moduli from full scale 
loading tests, using a water filled tank 18.3 meters high 
and 18.3 meters in diameter, compared well with moduli 
from plate-loading tests carried out in the bottom of auger 


holes 3 feet in diameter. The actual displacement pattern 
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measured under the loaded tank showed that displacements 
were localized around the loaded area far more than could 
be predicted using a homogeneous elastic model. The beha- 
viour is consistent with the theoretical predictions of 
Gibson (1967) for an elastic material whose stiffness in- 
creases with depth. 

A plot of values of E calculated from vertical 
strains measured under the tank center (assuming Y¥ = 0.10) 
is shown in Figure 4.3. Some of the variation of E with 
depth is due to weathering of the chalk, which decreases 
with depth, while the remainder of the increase in E with 
depth is due to an increase in lateral confining pressure. 

Hendron et al., (1970) found that pressuremeter 
tests in shale of Pennsylvanian age in Ohio gave results 
considerably higher than laboratory moduli as shown in 
Figure 4.2. The pressuremeter moduli are an undrained 
value and the difference between these results and labora- 
tory undrained moduli is considered due to anisotropy, as 
the strata are stressed horizontally with the pressure- 
meter, and sample disturbance. 

Theetest mesults. were to be applied to prediction 
of bridge pier settlements and a drained modulus would be 
appropriate for design. The authors recommend that either 
the laboratory drained moduli be tripled or that 1/3 the 
Pressuremeter results be used. In the absence of labora- 
tory drained tests or in-situ pressuremeter tests, it was 


recommended that undrained laboratory moduli be used in 
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the calculation of settlements to allow for the effects of 
sample disturbance. 

DeJong (1971) studied the rebound of a 40 feet deep 
foundation excavation in Edmonton, Alberta which was cut 
through dense glacial till to preglacial sands and gravels 
Overlying bedrock of the Edmonton formation (Upper Creta- 
ceous). The bedrock surface was approximately 10 feet 
below the excavation bottom and most of the measured 
rebound occurred in the bedrock. 

Consolidated-undrained tests on samples of soft 
sandstone from Pitcher tube cores gave tangent moduli at 


1/3: o," of TARe00rp ast and 10,450.57 a.4% 


= 4 

3 max. 
Three drained triaxial tests on mudstone and soft sandstone 
gave a maximum observed tangent modulus at * ( See - o,') 
of about 5000 p.s.i. Unconfined compression tests on mud- 
stone and soft sandstone samples gave secant moduli at 


TOL es C5) of 3,500 and 8,000 p.s.i. respectively. 


max. 
A maximum rebound of 2.7 inches was observed in the 
excavation center. A computer solution utilizing Stein- 
brenner's equation gave an average derived modulus of about 
54,000 p.s.i. The use of laboratory moduli would obviously 
lead to a large over-estimate of field rebound if Stein- 
brenner's equation is used to predict excavation behaviour. 
Chang and Duncan (1970) describe movements monitored 
during construction of a 200 foot deep excavation, shown in 


Figure 4.4(a), for the Buena Vista Pumping Station in Cali- 


fornia. The excavation was made in moderately overconsoli- 
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dated sands, silts and clays of the Tulare formation which 
are about 4000 feet deep at the site. A maximum vertical 
rebound of 2.43 feet was observed in the excavation center 
of which about 1/3 occurred after the excavation was com- 
pleted. 

Consolidated-undrained and drained triaxial tests 
on Pitcher tube samples showed that both the initial tan- 
gent modulus and the rebound modulus increase with lateral 
effective confining pressure as shown in Figure 4.4(b). A 
finite element program was used to simulate the excavation 
sequence in which the modulus assigned to each element was 
calculated on the basis of stress level, effective lateral 
confining pressure and whether the element was undergoing 
primary loading, unloading or reloading. The predicted 
values of rebound agreed fairly well with observed values 
of rebound with 2.24 feet being predicted in the excavation 
center versus 2.43 feet measured. Figure 4.4(c) shows the 
contours of strength mobilized after the excavation is 
completed indicating that elastic equilibrium is maintained 
throughout most of the soil mass around the excavation. 

This article is noteworthy as it illustrates a 
number of factors which influence E acting in-situ and 
shows that the finite element method can take into account 
at least some of the factors which affect E. However, the 
agreement between predicted and measured displacements is 
unusual in view of the fact that the effects of anisotropy 


and sample disturbance were ignored. A simple one-dimen- 
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sional elastic analysis (Matheson and Koppula, 1971) indi- 
cates that the position of the bottom base of the finite 
element grid has some influence on the displace- 

ments predicted at the excavation base, even when the effect 
of increase in E with depth is allowed for. Chang and 
Duncan (1970) place the rigid base of the finite element 
grid 600 feet below the bottom of the 200 feet deep exca- 
vation; the agreement between observed and predicted be- 
haviour may be fortuitous with the effects of sample dis- 
turbance being cancelled by the boundary conditions of the 


finite element grid used. 


Summary 


The cases discussed in this section show that labo- 
ratory values of E are affected by many factors and are 
typically much lower than field derived moduli. The use 
of laboratory parameters in Steinbrenner's equation will 
lead to a gross over-estimate of excavation rebound; the 
performance of the Buena Vista excavation indicates that 
laboratory derived values of E may yield a good approxi- 
mation to field behaviour if the effects of stress level, 
confining pressure and stress path are allowed for in the 
testing and analysis procedure. The problem of proper 
location of the boundaries of the finite element grid 
remains to be resolved. 

Documented evidence indicates that plate-bearing 


tests will give a result in good agreement with the value 
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of E acting in-situ. Pressuremeter tests give very similar 
results in the one case documented and it appears that this 
technique offers a relatively quick and inexpensive means 


of finding the undrained value of E acting in-situ. 


4.3 Finite Element Simulation of River Valley Excavation 


Little information is available on the values of E, 
y and Ko acting in-situ in the bedrock of the study area. 
Little is known about typical values of drained and un- 
drained moduli and the in-situ stress conditions which will 
govern the behaviour of the rock mass in-situ. Thus, any 
analysis of river valley formation in the study area must, 
of necessity, include a number of simplifying assumptions. 

A number of the bedrock formations in the study 
area are relatively homogeneous, others are extremely 
heterogeneous with rapid changes in lithology and horizon- 
tal beds of bentonite. Analysis of the effects of change 
in lithology would require the ability of specifying 
layers with different elastic parameters. The finite 
element method was adopted in view of these factors as 
the effects of non-homogeneity and complicated boundary 
conditions can be handled readily, which is not the case 
with the finite difference method used by Dibiagio (1966) 
to study displacements and stress changes induced by exca- 
vation of a vertical trench into a homogeneous, isotropic 
elastic mass. Displacement of the valley walls can be 


studied by the finite element method which is not the case 
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for the computer solution by DeJong (1971) of Steinbrenner's 


equation. 


Method of Analysis Adopted: The finite element method was 
Originally developed to study problems in solid mechanics 
and is described in standard texts such as Zienkiewicz and 
Cheung (1967) and Holand and Bell (1970). The method is 
well suited to the solution of excavation problems in geo- 
technical engineering as each element in the finite element 
grid can be assigned a different value of E and yw and dif- 
ferent geometric and stratigraphic configurations can be 
represented easily. A brief description of the basic steps 
in the finite element method is given in Appendix D. 

In this study of river valley formation, it was 
assumed at the outset that the valley was excavated into 
a homogeneous, linearly elastic material. Moduli reported 
from most of the projects documented are mainly from un- 
confined compression tests and serve merely as an approxi- 
mate guide to the relative stiffness of the rock. Little 
Or no data is available for the formations of the study 
area on the rate of increase of E with confining pressure, 
in-situ stress conditions, the effect of stress path, 
stress level and sampling disturbance. Therefore, a sim- 
plified model was chosen, the limitations of which have 
been discussed previously. 

The procedure to simulate river valley excavation 


is discussed in Appendix D. The vertical stress prior to 
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excavation was assumed equal to the weight of the superin- 
cumbent overburden. The lateral stress was assumed to vary 
linearly with depth and be equal to Ky (the coefficient of 
Garthipressure iat crest) itimesnthewvertical estressionTotal 
and effective stresses are synonymous in this analysis as 
the effect of pore water is ignored. 

Thus the vertical and horizontal stresses at depth 


are given by: 


Gy =%2z (4.4) 


oH = het z (4.5) 


where ¥, the unit weight of the soil or rock, was assumed 
to be 150 p.c.f. Excavation results in the removal of 
stress from the excavation face which is equivalent, for 
a linearly elastic material, to the application of a sur- 
face traction perpendicular to the excavation surface 
equal to the stress relieved. Deformations occur within 
the elastic media and a stress change occurs throughout 
the material adjacent to the excavation which must be 
added to the initial stress field to produce the final 
state of stress. 

Brown and King (1966) show that an excavation ina 
homogeneous isotropic, linearly elastic material can be 
Simulated in one step, giving the same results as a se- 
quential excavation procedure such as used by Duncan and 
Dunlop (1969) and Chang and Duncan (1970). 


The finite element program used for the analysis of 
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valley formation is described in Appendix D. It was ori- 
ginally written by Wilson (1963) for plane-stress analysis 
of solid mechanics problems. It has since been modified 
for plane-strain conditions and automatic generation of 
nodes and elements. The author further modified the pro- 
gram for superposition of the stress changes induced by 
the excavation on the initial state of stress. Constant 
strain triangles are used in the program. Appendix D 
contains instructions for the use of the program, details 
On setting up a finite element grid for a typical problem, 
coding prodedure and a listing of the program written in 
Fortan IV as used on the IBM model 360/67 computer. Results 
from the example are presented to allow any future user of 
the program to validate his results. 

The program gives the final stress field around the 
valley; this has not been studied in detail as it dupli- 
cates previously published work (Duncan and Dunlop 1969) 
and the displacements resulting from valley formation are 
of prime interest for comparison with the cases documented 
in Chapter III. 

The displacements and stresses obtained from the 
program have been compared with closed-form solutions, 
finite difference results and published finite element 
results. A satisfactory agreement was found and will be 


discussed in the next section. 
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Comparison of Results: A finite difference study of the 
displacements and stresses induced in a homogeneous, iso- 
tropic elastic medium by excavation of a rectangular trench 
has been referred to previously (Dibiagio, 1966). A finite 
element grid was used to simulate the finite difference 
grid; dimensions of the two grids were identical although 
the finite element grid used a somewhat larger element 
size. 

The results of the two methods are compared in 
Figure 4.5 for identical values of E,y and Ko: Dibiagio 
used the condition of aie = 0 (free movement in the x direc- 
tion) along the bottom rigid boundary of the finite differ- 
ence grid which results in somewhat higher values of re- 
mound Lor the bottom of/the cut than for the case .of {fix- 
ing the nodes on the bottom of the grid in both x and y. 
The finite element program gives practically identical 
values of excavation bottom rebound for values of Ko 
mancingecrom,?.429 to’2.00. A slight divergence occurs 
in the lateral movements of the excavation wall for in- 
creasing values of Ky and is apparently due to the stress 
boundary conditions used by Dibiagio on the vertical edge 
of the finite difference grid. 

Closed form solutions are available for the dis- 
placements of a loaded strip (Harr, 1966). The maximum 
rebound, in the center of a valley 2000 feet wide, should 
approximate the rebound in the center of a strip 2000 feet 


wide loaded with a traction equal to the weight of over- 
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burden removed from the valley floor. 

Values of rebound were calculated using Equation 4.3 
for various depths to rigid base and are compared to finite 
element results for grids with different depths to rigid 
base as shown in Figure 4.6. The results are seen to be 
very Similar and illustrate the effect of the boundary con- 
ditions used in the mathematical model on displacements for 
a given set of input parameters. 

Duncan and Goodman (1968) studied stresses and dis- 
placements in a linearly elastic rock mass due to a ver- 
tical cut using an excavation sequence program based upon 
constant strain quadrilateral elements. Figure 4.7 shows 
displacements which will occur due to an excavation ina 
homogeneous rock mass for yv = 0.20 and values of Ke ranging 
from 0 to 2.0. The finite element grid, illustrated in 
Appendix D, is a replica of the grid used by Duncan and 
Dunlop although a coarser element mesh was used. Displace- 
ments from the two programs agreed to within a few percent; 
contours of stress agree well in the interior of the grid 
with some difference in results occurring towards the exca- 
vation boundary. The maximum shear stress at the toe of 
the slope was reported by Duncan and Goodman (1968) as 
about 0.6 CHA , while the program used in this investiga- 


tion gave about 0.54 GH. 
E 


The program used by Duncan and Goodman (1968) adjusts 


boundary node stresses using a method described by Duncan, 
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Dunlop and Seed (1968), as boundary node stresses derived 
from a program utilizing constant strain triangles contain 
an inherent approximation error as described by Wilson 
(1963). The program used in this thesis does not correct 
boundary node stresses; the difference is considered insig- 
nificant as the displacements are not affected to any appre- 


Ciable extent. 


Model Adopted: A number of finite element grids (Figure 
4.8) were used in this study to represent a typical post- 
glacial valley incised into the bedrock of the study area. 
A valley width of 2000 feet and depth of 200 feet was taken 
as being representative of a number of damsites where 
drilling results are available. Vertical valley walls 
were used initially and the bedrock was assumed to be 
homogeneous, isotropic and linearly elastic. 

The nodes on the bottom boundary of each grid were 
fixed in both the x and y directions (u = 0, v = 0) and 
the nodes on the side boundaries were fixed in the x direc- 
tion only (u = 0). This procedure conforms to previous 
finite element work reported by Duncan and Goodman (1968), 
Duncan and Dunlop (1969), Chang and Duncan (1970) and 
others. 

The discussion of laboratory and field testing for 
E in Section 4.2 suggests that laboratory moduli serve as 
a lower bound for the value of E acting in the field (if a 


homogeneous grid is used to model field behaviour) while 
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field moduli derived from Steinbrenner's equation serves as 
an upper bound. 

The amount of drainage which has occurred since 
valley formation is difficult to assess. The rate of val- 
ley downcutting was apparently extremely rapid with most 
of the valleys in the study area reaching their present 
depth soon after deglaciation - some 15,000 to 25,000 years 
ago. The majority of the bedrock formations in the study 
area have a very low coefficient of permeability and 
drainage of an intact section of shale would take thou- 

sands of years (Koppula, 1970). However, stress relief 
and the presence of joints and fractures in the immediate 
vicinity of the valley would increase the permeability of 
the rock to a marked extent immediately adjacent to the 
valley perimeter. 

Thus, the question of whether drained or undrained 
values of E act is important as data previously described 
(Hendron 1970, DeJong 1971) shows that the drained moduli 
are approximately 1/3 to 1/2 of the undrained moduli. 

A wide range of moduli are reported for the bedrock 
of the study area. Undrained laboratory moduli range from 
6500 p.s.i. to over 30,000 p.s.i. Field moduli, which 
represent undrained conditions, range from about 30,000 
p.s.i. (Bearpaw shale) to as high as 100,000 p.s.i. (Pierre 
shale). Hendron et al., (1970) suggest the use of un- 
drained moduli to analyze drained loading problems, unfor- 


tunately none of the moduli reported in the study area are 
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an unloading modulus. Therefore, the modulus of elasticity 
used in the finite element analysis was varied from 10,000 
p.S.i. to 80,000 p.s.i. to cover the range of possible 
values. 

Practically no information is available on y for the 
bedrock of the study area. Values of y from unconfined 
compression tests On core samples of the St. Mary formation 
(Upper Cretaceous) from the St. Mary Damsite in southern 
Alberta show considerable variation but generally range 
Prom .105e toe: 20r\(Pa Fe RiA ,arl945))a 

It should be noted that y is dependent upon drainage 
conditions. A soft saturated clay is nearly incompressible 
under undrained conditions and hence a value of y of approx- 
imately 0.50 is appropriate to use in an undrained analysis 
of an excavation made into this material. If unloading 
Occurs over a long period of time, drainage occurs and the 
resulting volume change causes a reduction inv. 

Such data that is published indicates a relatively 
low value of vis appropriate for drained conditions. Chang 
and Duncan (1970) found v= 0.20 for the Buena Vista sandy 
soils in drained triaxial tests. A considerable scatter 
of results was noted and there appeared to be no trend 
toward variation in y with increasing confing pressure. 
However, Mahtab and Goodman (1968) observed an increase in 
¥Y with deviator stress for samples of schistose gneiss and 
Berea sandstone. It was noted that the rate of increase 


of y decreased with confining pressure. 
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In view of the almost total lack of data on y in the 
bedrock of the study area, a range of vy from 0.48 (to simu- 
late undrained behaviour in soft, saturated clay-shales) to 
0.10 was used in the analysis. 

The stress history of the bedrock has been discussed 
in Chapter II and only one in-situ measurement of vertical 
and lateral stresses is recorded - the measurement of Ko 
equal to 1.50 at the South Saskatchewan River Dam. However, 
in view of the large depths of material removed by erosion 
during the Tertiary period and the depth of ice (as high 
as 5000 feet) the area was covered with during the Pleis- 
tocene, values of Ky could be appreciably higher than 1.50. 
Thus, a range of K, from 0.43 to 3.00 was used in the 


analysis to cover all likely states of in-situ stress. 


4.4 Displacements Due To Valley Excavation In A Homogeneous 
Elastic Rock 


Grid 1 (Figure 4.8) was used initially to simulate 
the valley. The rigid base of the finite element grid was 
placed 600 feet below the valley bottom and the lateral 
boundary was placed 2,000 feet back from the valley edge 
so that its position would have little influence upon dis- 
placements in the vicinity of the valley. 

The displacements obtained from this study have not 
been put into non-dimensional form by dividing by BHC Poe: 
direct measure of displacement appears to be of more inter- 


est in this study since field rebound values exist for 
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valleys of similar geometry. 


Effect of Variation in E: Figure 4.9 shows the displace- 
ments which will occur in the vicinity of the valley wall 
due to valley excavation for a homogeneous grid with Kor 
P00;,)Y =" 0.30 and values of Ejof 20,000 ipiegu., 407000 
p.s.i., and 60,000 p.s.i. Excavation of the valley pro- 
duces an upward rebound of the valley floor, an inward 
movement of the valley walls and a gentle rise in the 
ground surface as One moves towards the valley edge. In 
effect, the general form of field observations documented 
in Chapter III is reproduced by the finite element analysis. 
The magnitude of displacements,for constant values of K, 
Beoeyo 2s a function of the reciprocal of E with displace= 
ments increasing with lower values of E. 

The valley anticlines documented in Chapter III 
characteristically show the rebound at the valley center 
as being at least 3 percent of the valley depth (6 feet 
for this grid). Therefore, a value of E of somewhat less 
than 20,000 p.s.i. would be required to produce valley 
anticlines of the magnitude observed in the study area. 

The displacement pattern for low values of E, given 
in Figure 4.9, shows that the majority of the rebound in 
the valley bottom occurs over the first 50 feet out from 
the valley wall. A change in the dip of the bedding planes 
of close to 2 degrees would be observed in the field for 
E = 20,000 p.s.i. if the model used perfectly simulated 


field behaviour. 
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Effect of Variation inv: The effect of variation inv is 
shown in Figure 4.10 for a homogeneous grid with E = 40,000 
p.s.i. and K, = 1-00. A considerable variation in dis- 
placement Occurs which indicates that the actual determi- 
nation of ¥ is of some importance. However, the effect of 
a variation in y can be seen to be secondary compared to a 
variation in E. 

Vertical displacement is reduced for high values of 
vy corresponding to undrained conditions and is maximized 
for low values of y corresponding to drained conditions. 
The results given in Figures 4.9 and 4.10 indicate that the 
time-dependent rebound, characteristic of excavation beha- 
viour, is associated with drainage and the change in E and 


Y from undrained to drained conditions. 


Change in Surface Profile Adjacent to the Excavation: The 
surface profile, from the lateral edge of the finite element 
grid to the top of the valley wall, is shown in Figure 4.11 
for a variation in Ky from 0.43 to 3.00. A high value of 

K, Suppresses the raised rim adjacent to the valley wall. 
Figure 4.12 shows that the raised valley rim is maximized 

at low values of E and is a manifestation of rebound in 

the valley bottom. The distance back from the valley edge 
to the point the valley rim begins to rise is independent 


of E with a variation in E effecting only the height of 


the raised rim. 
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Figure 4.13 shows the surface profile adjacent to 
the valley for a variation in‘y. The raised rim is maxi- 
mized at low values of vy simulating drained conditions. 
The distance back from valley edge to the beginning of the 
raised rim is shown to be sensitive to a variation iny. 

A valley rim formed soon after valley formation, 
assuming a relatively low value of Ko: will be controlled 
by the undrained parameters which results in a high value 
of E andy. The result is a relatively small rise in the 
surface adjacent to the valley. The use of drained para- 
meters will lead to a 2 to 3 fold increase in the height 
of the raised rim and a marked increase in the distance 
back from the valley edge to the point the ground surface 
Starts to rise. A high value of K, will suppress the 
height of the valley rim and slightly reduce its base 
width. 

The raised valley rims documented in Appendix C 
indicate that at least partially drained conditions exist 
in the bedrock of the study area in view of the magnitude 
of the features measured in the field. The apparent in- 
crease in magnitude and definition of the raised rims from 
south to north in the study area may be due to more com- 
plete drainage of bedrock below valleys formed in the 
early stages of deglaciation. However, the numerous fac- 
tors which affect the ultimate topographic surface adjacent 


to the valley - initial local relief, weathering, Ko, E, 
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and y - make it impossible, at this time, to explore more 


fully the implications of this feature. 


Effect of Input Parameters on Maximum Vertical Rebound: 


A clearer picture of events occurring, as a result of vari- 
ation of one or more of the input parameters (E, Y and Kodi 
can be obtained by studying the maximum rebound in the 
valley center and the vertical and horizontal movement of 
the top and toe of slope. 

The results agree with those reported by Dibiagio 
(1966), Duncan and Goodman (1968) and Duncan, Dunlop and 
Seed (1968). The vertical rebound in the valley center is 
found to be an inverse function of E as shown in Figure 
4.14. Rebound due to stress relief is seen to become a 
negligible factor for high values of E and thus valleys 
cut through bedrock with a high value of E will exhibit 
practically no rebound. Figure 4.15 shows that the value 
of K, has practically no effect upon the vertical rebound 
of the valley center. The vertical displacement of the 
valley edge is about 1/3 of the maximum rebound in the 
Walleyicenter (for Grid 1) at low values,of.y although.ethe 
relationship is affected LY to some extent. A downwarp- 
ing of the ground surface adjacent to the valley is predic- 
ted for values of Ky greater than 0.75 for undrained con- 
ditions (Vv = 0.48) as shown in Figure 4.16. A reduction in 
yY to 0.20 or 0.30 will result in suppression of the rim 


for values of K, as high as 3.0. Duncan and Goodman (1968) 
























stom si1olqxe o+ ,emis eid 38 |, eldigaognt oom au 
.e135s? eid? to enoits oi qm , 3 q if 
: +4 t i) ve 
r:. 2 ee,” 
:bnuoded IszijdxeV mumixsM KO S395 ames q tugn 23 3 ta 
mate Tape? - 
, paixziv306 atasve 20 emtolg ‘tex va 


~iluwsv to gluesi 6 e656 


(8 Bas © , 3) exssomsrsq tuqni end “to erom x10 exo 30, 4 m ots 


at? ai bayodex momixem ed? patyiuse yd: penissdo 2 "i sisi 
i ad isotd19ev od Bis 193199 | tis : 


vr 


So giomevom {stmosi10! 
/ sqole to eos. bas “¢ Ne 
droge: seeds dtiiw 991ps ativeet ‘edt 


\ = 


olpsidid yd bs 
bas coined , nponud bee (8a@L) sisinbood Bas ne orud vf 


ei weimeo ysilsv offs at Savodoer inoisrsy sit eae ' pe 


etupit mi awore e&6 A 10 noi toot se1evali as ad ‘ot bas ‘ 


5 Eee o3 mesa et teliex eagave o2 sub e 


eiiision aunt bas % to esuisv dpid 102 sosoul< 


gidinixe ifiw a tt oulsv deed 5 dsiw #ootbed fr 
eulsv eit tends mantis eL.b sunt bawoder mai 


brivodet isoittev ats nage tosiis on yilsoisosig * io oa 
a . 


eit 10 taomeos i getbh Iepidsev edT ,xze2neO yottsy or 
a 


edi ai bavode: mumixem etd to €\l svods ak epbe eee 
baat: J 


-qiawnwob A ,3aeIxs ate of A xd betost ts ei. aasots 
spibsiq ei yoilev odd of Sneostbs sostaue basoxy Sid. ® 
sno benkssbas so? 21.0 mada iednese ot 20 me 
mi sotgoubox A .ai.h ‘sxuphi ni mwors es bbs 
; max wilt 30 witavoraqus i’ siugs Sty 0 0% 


Piss f 
(waes) vr sat! ary og | saree eterdete: 2 


arnt 


oft dpuodtis v to 2zoulsev wol t8' (f bixtd 402) 


otal 


re Dees 
v ‘i ie ; o) i] ak: 
. goa eae vd < ; ; ne Aen 


page 


: ag, 


10,0 


8.0 


VERTICAL 
REBOUND 
ft. 60 


4.0 


2.0 





0 20 40 60 80 100 


LEGEND 
@ VALLEY CENTER 


* VALLEY EDGE 
VARIATION OF VERTICAL DISPLACEMENT 


WITH E - GRID 1, Ko=1.00 


FIGURE 4.14 





PAT bes 


VERTICAL 


REBOUND 


tt: 


-0.5 





LEGEND 


© VALLEY CENTER 


* VALLEY EDGE VARIATION OF VERTICAL DISPLACEMENT 


WITH Ko- GRID !, E= 40 KSI 


FIGURE 4.15 


oor 


0$.0-" 


OF .07-¥ 


ob: 


ero: 


Oro: 


oko: 


OF O=¥ 


: a0: 
- wos 7 7 “a 
| o> . @£ 


ee a és ord ae. Tia ae 





4.0 


- Ko ® 3.00 
Ko = 2.00 





2.0 
Ko20.429 
VERTICAL : 
REBOUND 
ft. | Ko 20.429 
LO f —=-e Kot 0.667 
| 5 — Ko? 1.00 
Ko 22.00 
0 Ko® 3.00 
-1.0 
0.0 0.10 0.20 0.30 0.40 0.50 
at 2 
LEGEND 
@® VALLEY CENTER VARIATION OF VERTICAL DISPLACEMENT 


pees tt §DSt WITH POISSON'S RATIO- GRID |, E=40 KSI 


FIGURE 4.16 








ger 











1280 “08 
00.1 *gH = = 


009A 


274 


found, for Y = 0.20, a value of Ky of about 1.5 would be 
required for downwarping of the valley rim using a grid 
with a depth to rigid base equal to the excavation depth. 
Grid 1, with a depth to rigid base of three times the 
excavation depth, requires a value of Ky of close to 5 for 
downwarping to occur if ¥ = 0.20. The comparison illus- 
trates the effect of depth of finite element grid when 
using a homogeneous section. 

Downwarping of the edge of excavations cut in soft, 
saturated, normally consolidated clays have been documented 
by Peck (1969). Vertical settlements of the ground surface 
of up to 2 percent of the excavation depth have been re- 
corded. This phenomena is commonly attributed to plastic 
yielding of the clay at toe of slope; however finite 
element results indicate that some of this behaviour may 


be due to undrained elastic displacements. 


Lateral Movement Due to Stress Relief: The release of 
lateral stress, due to valley downcutting, will cause an 
inward movement of the valley edge as shown in Figure 4.17. 


For a given value of E and K the inward movement of the 


0! 
valley wall is seen to be a maximum at high values of y. 
Lateral movement of the valley edge is a direct function of 
K, as shown in Figure 4.18. Maximum movements in the order 
Bee to 3 feet will occur ‘at. high values of K, if E = 40,000 
p.S.i% 


The effect of a variation in E is shown in Figure 


49 for Ke = 1.00 and v = 0.30. The inward lateral movement 
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of the top and toe of slope are shown to be a function of 
the reciprocal of E. A much larger inward movement, for 
high values of K,, occurs at the top of slope for E = 10,000 
p.s.i. than for E = 40,000 p.s.i. as shown in Figure 4.20. 
An inward movement of the valley wall in the order of 10 
feet is predicted for E = 10,000 p.s.i. and K, = 3-00. The 
use of E = 10,000 p.s.i. gives a maximum vertical rebound 
in the valley center of about 3.2 percent of the valley 
depth which compares favorably with the cases documented 

in Chapter III. The value of 10,000 p.s.i. is much lower 
than field deduced values of E for the bedrock of the study 
area, however the field moduli are essentially undrained 
moduli and are influenced by the assumptions implicit in 


Steinbrenner's equation as has been previously discussed. 


Discussion: The valley anticlines noted below postglacial 
river valleys in the study area are formed primarily as a 
function of E and vy of the bedrock and the depth of the 
valley. The finite element analyses, discussed in this 
chapter, show that the anticline will be maximized by low 
values of E and y corresponding to drained conditions. 

The difference between drained and undrained moduli 
explains the difference between maximum values of rebound 
noted in artificial excavations and the magnitude of the 
valley anticlines. The former range from 0.5 to 1.0 per- 
cent of the excavation depth and the latter typically range 


from 3 percent of the valley depth upwards. Artificial 































eh x SN” 
Wes |S 


Bib en 


to moivgonut s sd oF cede 248 ogote 20 9 «Bet 
tot , dfamevom buswnt toprsl sous A .& to Iso 
000,0f = % 102 eqoté to qot edd 46 aqupDO \ 6K 20: 
OS. oumgis at nwode as . £.B6q 000,08 = . x08 Bed 
OL to tshxo oft ait Lisw yelisv ort to a 


“heed 
enT .00-€ = m bis .f.e.q 000,04 = a 20t | s nealiaee 


aN 
bavodex {soijxev mumixem 6 Bevip -t. aq 000, OL s é 
yelisv sit to tnsoxsg $.€ Jods to, FBRAeS roll 4 
bstnemumch eses> siz dtiw yidszove? eetsgmoD do. a 
tewol doum ef .t.2,q 900,0L 20 suisv edT .ITI ~o 
Ybuse ois to Asoubed ant 102 g to esuisy beoubeb adda 
beniexbry yllisitasess ore ilubom bleti edd sev 
nt tioiiqni enoistqnmueas SHZ ye. sooneu lint ae — 


-petauoeth ylavotveig noad esd es aoissups a's 


fetoslpteog aie beton aeneinsens yolisv siT 
B 86 yliasmixg bomxo2 975 sd16 bude a3 ni 
ens to dagqeb oAg asad Apoxbed ons to x bas = 
aidd at Beessvend 2enylens tnome Le bint 
wol yd besimixsm od Iitw emilottnas sdt sed 
-enoltibnoo benisibh oF paibaogeerx0s ¥ bas . 
Livbom bonisibay bas beqisith neswsed sones03? : 
Bavoede1 to eeulsv nun tenm meewsed comeua ath af 
| 9tia 20 obusimpan site bain snoisevaoxe Lal 
) -0q 0.L oF 2.0 Naar iaee 
a ylipciqyt tettel « $ bas 7 
—— ae ee ee 
rent ‘ mae a 


= 


' OMe - “+ eda 


a ie 2 EE 


279 


excavations are open for a relatively short period of time 
and little time exists for drainage to occur in the bedrock 
mass below the excavation; therefore, an undrained modulus 
controls the measured deformations and a much smaller value 
of rebound occurs than in the case of natural valleys which 
have existed for many thousands of years. 

This concept explains why a large proportion of the 
measured field rebound in the cases discussed in Chapter II 
is time-dependent and why most of the total rebound mea- 
Sured occurs in the top few feet of the bedrock below the 
excavation bottom. Drainage of the upper few feet of the 
bedrock surface occurs and reduces the modulus acting from 
undrained to drained conditions which results in the major 
proportion of the rebound occurring near the bedrock sur- 
face. This process is still occurring in some cases and 
the continuing slow rebound noted at Garrison, Oahe and 
Fort Peck Dams (Chapter II) appears to be due to continuing 
"modulus change' at greater depths. 

The analysis of the Buena Vista excavation (Chang 
and Duncan, 1970) assumes either zero or total drainage of 
the material around the excavation. The excavation was 
open for approximately one year and it appears unlikely 
that anything approaching complete drainage occurred, par- 
ticularly at a considerable depth below the excavation 
bottom and in the thick clay zones present in the strati- 
graphic profile. The predicted displacements, which agreed 


closely with observed behaviour, were based on fully 
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drained parameters again indicating the possible effects 
of the position of the finite element grid. 

The finite element studies using Grid 1 show that a 
Value Of Bin the order of 10,000 p.s.i. 18 required to 
produce valley anticlines and raised valley rims of the 
magnitude of those observed in the field. This figure 
agrees reasonably well with the range of undrained labora- 
tory moduli for bedrock of the study area but it is well 


below field derived moduli. 


Seoemeorect, OL Depth to Rigid Base 
No study has yet been published on the effect of 


increasing the depth of the finite element grid in exca- 
vation simulation. All previous finite element excavation 
studies have used a comparatively shallow depth to rigid 
base. Duncan and Goodman (1968) and Duncan and Dunlop (1969) 
used a depth of homogeneous elastic material below the bot- 
tom of the excavation equal to the depth of excavation. 
Chang and Duncan (1970) used a depth to rigid base equal 
to three times the depth of excavation, as has been mentioned 
previously. The depth to rigid base in most previous finite 
element work appears to have been dictated more by computer 
storage capacity than by any evidence eee constitutes 
proper simulation of field conditions. 

In certain field problems, a position for the bottom 
base of the finite element grid can be obtained from a 


study of the geologic profile. An example, discussed 
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previously, is the Ottawa sewage plant excavation (Bozozuk, 
1963) where some 90 feet of soft Leda clay overlies lime- 
stone. The modulus of the bedrock would be many times that 
of the clay and the interface could be taken as the bottom 
rigid base of the finite element grid with some degree of 
confidence. 

No such clear-cut delineation exists in the field 
cases documented in Chapter III. Throughout the study 
area, many thousands of feet of sedimentary rock overlies 
the Precambrian basement. Thus, if a homogeneous finite 
element grid is used to study river valley formation, the 
position of the rigid base of the grid will be arbitrary. 
The value of E required to give observed values of rebound 
for a given valley section will be a function of the depth 
of the finite element grid. Therefore, use of any mathe- 
matical model, assuming a homogeneous elastic medium, to 
derive values of E, vy and K, acting in-situ will not yield 
unique solutions. 

Grids 2, 4 and 5 (Figure 4.21) were used to study 
the effect of depth to rigid base. The depth to rigid 
base was varied from 1600 to 0 feet below valley bottom 
by progressively setting the modulus of the lower rows of 
elements to a very high value (0.4 x 10° p.sei.), thus 
simulating a rigid base. The validity of this ‘high modu- 
lus' technique was checked by two runs where the node 
points, at the chosen depth to rigid base, were fixed in 


x and y along the top of a row of elements where a high 
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modulus had previously been used to simulate a rigid base. 
The results are shown in Figure 4.22 and the difference in 
displacements between the two techniques is negligible 
around the valley periphery. 

Figure 4.6 shows the effect of depth of finite 
element grid upon values of rebound in the valley center 
for a given set of input parameters (E = 40,000 p.s.i., 
Y= 0.30, K, = 1.00). A linear relationship exists between 
maximum rebound in the valley center and depth to rigid 
base up to a depth of 1200 feet. Further deepening of the 
finite element grid leads to a decrease in the rate of 
increase of rebound with depth to rigid base. 

The reason for this phenomena is shown in Figure 4.23 
where the principal stress changes induced in a homogeneous, 
Me ptrcpic. elastic material under a strip load are shown. A 
valley 2000 feet wide will thus, on formation, induce changes 
in vertical stress of up to 20% of the stress relieved on the 
valley floor at a depth of over 6000 feet. Changes in lateral 
stress are shown to decrease much more rapidly with depth. 

The correspondence between maximum rebound in the 
valley center and the rebound in the center of a 2000 foot 
wide strip loaded with an equivalent traction has been dis- 
cussed previously. The closed form solution for a strip 
footing (Harr, 1966) and computer solutions are identical 
to a depth of 1200 feet and show that rebound in the valley 
center is not affected, to any appreciable degree, by the 


restraining effect of the valley walls. 
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The effect of depth to rigid base on the movement of 
the valley center and toe and top of slope is shown in Fig- 
ure 4.24. The vertical rebound of the valley center and 
top of slope vary approximately linearly with the depth to 
the rigid base. The inward movement of both top and toe of 
slope increases with depth to rigid base until a depth of 
about 800 feet is reached at which point the movements 
begin to decrease. The entire pattern of displacements 
around the valley, as well as the magnitude of the displace- 
ments, is effected by the depth of the finite element grid. 

Grid 5 (Figure 4.21) was used to simulate a homoge- 
neous section with a depth to rigid base of 6800 feet 
which is 3.4 times the valley width. The vertical rebound 
of the valley center and the top of the valley wall is 
shown in Figure 4.25 fora variation in E. The vertical 
rebound of the top of the valley wall is about 70 percent 
of the maximum rebound in the valley center compared to 
about 30 percent for Grid 1 (Figure 4.21) where a depth to 
rigid base of 600 feet was used. A value of E of approxi- 
mately 80,000 p.s.i. would have to be used in Grid 5 to 
produce the magnitude of the valley anticlines documented 
in Chapter III. The difference between this figure and 
the 10,000 p.s.i., which would produce the same maximum 
rebound in the valley center (about 3 percent of the valley 
depth) when used in Grid 1, graphically illustrates the 
limitations of trying to deduce E from measured values of 


excavation rebound. 
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The effect of a variation in y on vertical rebound, 
in the valley center and at the top of slope for Grid 5, 
is shown in Figure 4.26. The displacements follow the same 
trend as in Grid 1 (Figure 4.16) but are considerably less 
sensitive to a variation in K,. The results from Grid 5 
predict no downwarping of the valley rim for high values 
of vy. Extremely high values of K, are required for in- 
ward movement of the valley walls as shown in Figure 4.27. 
This behaviour contradicts field evidence by Kwan (1971) 
who documented an inward movement of 1.5 inch, accompanied 
by the appearance of a tension crack 21 feet back from the 
vertical face, which preceded failure of a 32 foot deep 
test cut made in lacustrine clays and tills at Welland, 
Ontario. Similar behaviour was noted by Underwood (1964) 
in the Niobrara chalk at Fort Randall Dam as discussed in 
Chapter VII. It would therefore appear that a relatively 
shallow finite element grid best approximates the actual 
field displacement pattern around excavations when a homo- 
geneous grid is used although sufficient evidence to con- 


clusively prove this point does not presently exist. 


4.6 Effect of Valley Geometry and Increase in E with Depth 
The effect of valley width, valley depth and the 


slope of the valley walls was studied by use of the seven 
finite element grids shown in Figure 4.28 as well as results 


previously obtained from Grid 2 (Figure 4.21). 
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Brrect, of the Valley Wall Inclination: The effect of the 


inclination of the valley walls was studied using Grids 2A 
and 2B (Figure 4.28) which have 2:1 and 4:1 slopes respec- 
tively and a valley bottom width of 2080 feet and a valley 
depth of 200 feet. Depths to rigid base of 520 and 1600 
feet were used to study the effects of this factor. 

Figure 4.29 shows that flattening the valley wall 
reduces the vertical displacement at the valley edge and 
would thus reduce the height of the raised valley rim. 
This reduction is most marked using a grid with a large 
depth to rigid base; for a shallow grid the reduction in 
raised valley rim is dependent upon K, to some degree. 
However, it can be seen that a valley with sides sloping 
at 6:1 or 8:1 would exhibit an extremely small raised rim. 
The flattening of the valley walls had almost no effect 
upon rebound in the valley center. 

These results agree with field observations documen- 
ted in Appendix C. The raised valley rim was observed to 
be more pronounced along the Pembina River above steep 
banks on the outside of meander bends. Little evidence of 
a raised rim was observed along gently sloping sections of 
valley wall on this and other river valleys in the Province 


Of Alberta. 


Effect of Valley Width: Grids 2M, 2N and 20 (Figure 4.28) 
were used to study the effect of valley width. Vertical 


walls were assumed, the valley depth was taken as 200 feet 
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and the valley width was varied from 480 to 4000 feet. 
Depths to rigid base of 520 and 1600 feet were used. The 
vertical displacements of the valley edge and center are 
shown in Figures 4.30 and 4.31 for the shallow and deep 
grids respectively. 

Finite element results using the shallow grid 
(Figure 4.30) show that the valley width has no appreciable 
effect upon the rebound in the valley center and little 
effect upon the vertical displacement of the valley edge 
until the valley width is reduced to below 1000 feet (five 
times the valley depth). The results for the deeper grid 
(Figure 4.31) show that a variation in valley width affects 
both rebound in the valley center and on the valley edge. 

A marked decrease in rebound at both points begins when 
the valley width decreases to below 1000 feet. 

Field evidence on this point is ambiguous. The well 
defined valley flexure and raised rim noted along the Mis- 
souri River may be due, in part, to the extreme width of 
the valley (2 to 4 miles) although other factors, such as 
valley age and the time which has elapsed since valley for- 


mation, may be of greater importance. 


Effect of Valley Depth: The effect of valley depth was 
studied by Grids 2X and 2Y (Figure 4.28) which have a depth 
of 280 and 120 feet respectively. The effect of valley 
depth on displacements for average depths to rigid base of 


440 and 1520 feet is shown in Figure 4.32. 
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The vertical rebound of the valley center and edge 
increase with valley depth for the deeper grid but the 
valley depth has little effect upon displacements for the 
shallower grid. 

Field evidence strongly indicates that the valley 
center rebound and the height of the raised rim increase 
with valley depth. Smith and Redlinger (1953) note a 
higher value of rebound for deeper excavations at Garrison 
Dam. The difference in magnitude between the raised valley 
rim at clay pit 14 (Appendix C) and along the South Sas- 
katchewan River appears to be at least partly due to exca- 


vation depth (and hence the magnitude of the stress relieved). 


gLlectyotyincrease in E with Depth: Laboratory studies 


show that E increases with confining pressure. Chang and 
Duncan (1970) found the increase in the drained rebound 
modulus for the sandy soils at Buena Vista, California to 
be given by Equation 4.2 with K = 2080 and n = 0.60. 

These parameters were used to calculate values of E 
at various depths below the valley bottom for Grid 2, 
assuming zero porewater pressure. The rate of increase 
in vertical rebound of the valley center, with increasing 
depth to rigid base, was found to be much slower than for 
a homogeneous grid as shown in Figure 4.33. The depth to 
rigid base has little effect upon horizontal movements of 
the valley rim as shown in Figure 4.34. 

These results show that the boundary conditions 


become much less critical in a finite element analysis of 
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rebound problems when the rock mass has a relatively rapid 
increase in E with depth. However, no data exists at pre- 
sent as to the rate (s) of increase of E with depth in the 
study area. Therefore, no further work was done on the 


effects of increasing E with depth. 


Summary: The results in this section show that the valley 
depth is of primary importance in governing the magnitude 
of displacements resulting from valley excavation. Valley 
width does not appear to affect vertical displacements to 

a large degree provided that the valley width to depth 
ratio is greater than five. The slope of the valley wall 
has a marked influence on the displacements at the top of 
the slope and the presence of flat valley walls will reduce 
the height of the raised valley rim by a significant 
amount. 

The displacements found from the finite element 
method, assuming a homogeneous elastic grid, are a function 
of the depth of the grid used. The depth of the finite 
element grid effects both the magnitude and sense of the 
displacement field as shown in Figure 4.35, where surface 
profiles back from the valley edge are given for a given 
set of elastic parameters and depths to rigid base of 520 
and 1600 feet. Entirely different shapes of raised valley 


rim result. 
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‘2.8  DiLScuss ion 
The standard steps in the solution of an engineering 
problem are: 

1. Adoption of a mathematical model which approximates 
the physical situation to a reasonable degree. 

2. Evaluating the relevant material properties of the 
problem in the field or laboratory and using these 
results in the model. 

3. Evaluating the theoretical results in view of the 
reliability of the model and input parameters used. 

The review of present knowledge concerning analysis 
of excavation problems shows that a satisfactory mathemati- 
cal model does not exist at present. The finite element 
method shows promise of becoming a tool which will result 
in the reliable prediction of excavation behaviour but 
insufficient knowledge of the parameters acting in the 
field precludes full use of its potential at present. 

Laboratory testing may yield useable input parameters 
for the finite element method but it is clear that insuffi- 
cient knowledge exists at present on the effects of sample 
disturbance and variation of E with stress level, confining 
pressure and drainage conditions. Implicit in the reliable 
use of the finite element technique is the need for a 
reliable, standardized method of measuring stresses in-situ. 

The finite element results obtained from the use of 
a homogeneous, isotropic grid must be evaluated as being 


results from an extremely simplified model. However, a 
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number of points of interest are apparent. 

1. Values of E derived from field measurements are a 
function of the boundary conditions of the grid 
used when the size of the region represented by 
the finite element grid is limited. Results from 
a homogeneous, isotropic grid are extremely dependent 
upon depth to rigid base. Therefore, attempts to 
deduce E or Ko acting in-situ from displacements 
observed in the field will not yield meaningful 
results until a better knowledge exists of the 
appropriate boundary conditions to use in the grid. 
This knowledge can only be gained through instrumen- 
tation of field excavations. 

2. The difference in magnitude between the rebound 
observed in artificial excavations and the rebound 
which has occurred below the river valleys in the 
study area appears primarily due to the time scale 
involved and the difference between undrained and 
drained moduli. The time-dependent rebound or 
'swelling' documented in many artificial excavations 
is a result of drainage and consequent reduction in 
E. The magnitude of the valley anticlines in the 
study area indicates that drained parameters control 
the features documented in this thesis. 

3. Analysis of river valley formation, uSing a rela- 
tively shallow homogeneous finite element grid, 
appears to present a reasonable picture of the 


displacements which have occurred in nature. A 
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value of E of approximately 10,000 p.s.i. appears 
to give a displacement pattern similar to that ob- 
served in the field. This value of E compares 
reasonably well with laboratory undrained values 
of E for the bedrock from the study area. Thus, 
allowing for the effects of sample disturbance, 
the value of 10,000 p.s.i. appears to be a reason- 
able figure for the drained value of E for the 


weaker formations in the study area. 
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CHAPTER V 


STRESS RELIEF AND LATERAL DISPLACEMENT 


See LC LOCUCT LON 

The cases documented in Chapter III show that rebound 
due to valley excavation is a ubiquitous feature below the 
river valleys cut in the Cretaceous bedrock of the Western 
Plains of Canada and the U.S.A. The amount of rebound 
appears to be largest where the bedrock has a low modulus 
of elasticity. 

The data presented in Chapter II shows that the 
Cretaceous bedrock of the study snburt.8 a low modulus of 
elasticity and is highly overconsolidated. Therefore, the 
lateral stress released when a valley is cut should be 
greater than the vertical stress and the lateral rebound 
should be greater than the vertical rebound, provided that 
the rock is not highly anisotropic. No field exploration 
method can give a direct measure of the amount of the 
lateral rebound that has occurred adjacent to a river 
valley. However, indirect evidence is present in the form 
of vertical joints which parallel the valley wall as noted 
by Crandell (1958), Bradley (1963), Underwood (1964), Fer- 
guson (1967), Wilson (1970). DeBeer (1969) and Kwan (1971) 
record the formation of vertical joints parallel to excava- 
tion walls in cuts made in overconsolidated clay in Belgium 


and glacial and lacustrine deposits near Welland, Ontario. 
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The Cretaceous bedrock of the study area consists of 
interbedded sandstone, shale, bentonite and coal layers, 
some of which are continuous over a considerable distance. 
The sections presented in Chapter III show many sites where 
the bedrock would better fit the model of a layered medium 
than a homogeneous mass. Several engineering implications 
arise when the formation of a valley anticline and lateral 
stress relief in a layered medium are considered. Flexural 
slip would occur between beds due to the folding accompany- 
ing vertical rebound. Differential movements would occur 
between beds of different lithology due to differences 
between the modulus of elasticity of the beds. 

In this chapter, the literature available on lateral 
movements in soil and rock due to excavation is summarized. 
The mechanism of flexural slip is reviewed and the magnitude 
of movements, due to valley rebound, is examined. The fi- 
nite element method is used to study displacements which 
Occur across a bentonite layer due to valley excavation and 


slope flattening. 


5.2 Literature Review 

Case histories of measured vertical rebound due to 
excavation are given in Chapter IV. Fewer documented in- 
stances of lateral movement exist in the literature since 
these have not been usually observed in detail until the 
last decade when the use of inclinometers (Wilson, 1970) 


became common. 
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Terzaghi (1950) gives an example of a landslide 
developing due to lateral rebound in an excavation for the 
Swir III Dam east of Leningrad, U.S.S.R. A cut made in a 
stiff, greenish Devonian clay, overlying a lower very stiff, 
sandy clay, caused an expansion of the Devonian clay over 
the lower sandy clay of about 1 foot in 6 hours. The ex- 
pansion of the Devonian clay caused fissuring of an upper 
till layer which led, following heavy rains, to a flow 
Slide in the upper till. 

Underwood (1964) reported lateral displacements 
Occurring across bentonite layers in the Niobrara chalk 
(Upper Cretaceous) at Fort Randall Dam on the Missouri 
River. Differential horizontal rebound at Gavins Point 
Dam, between the Niobrara chalk and the underlying Carlile 
shale, produced tension cracks in the chalk adjacent to a 
spillway excavation. 

Feld (1966) discusses lateral movements noted in a 
deep excavation in limestone (180 feet deep, 20 feet wide) 
at Niagara Falls. The side walls of the trench moved in 
sufficiently to bend cross-beams set in for machinery sup- 
port. A similar pit on the»Canadian side of the falls 
experienced about 4 inches of lateral movement. 

Wilson (1970) gives a number of well-documented 
cases showing lateral movement due to excavation. Figure 
5.1 shows displacements which occurred due to a freeway 
excavation made into the Franciscan formation in San Fran- 


cisco. Figure 5.2 shows displacements which occurred 
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—MOVEMENTS AT POTRERO TUNNEL, SAN FRANCTSCO 
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along a thin seam of highly plastic clay which appeared to 
form the base of a slide generated by a shallow excavation 
for a freeway in Seattle. The excavation was made in a 
highly overconsolidated stiff silt and plastic clay. 

Figures 5.3 and 5.4 show displacements measured 
along a landslide failure surface which was initiated by a 
freeway excavation near Minneapolis, Minnesota. The move- 
ment was found to be occurring within a thin seam of ben- 
tonite confined between two stringers of limestone, 17 feet 
below the bottom of the excavation. 

Chang and Duncan (1970) report large lateral move- 
ments at a 200 feet deep excavation for a pumping plant at 
Buena Vista, California which has been previously dis- 
cussed in Chapter IV. Two rebound gages were observed to 
have their tops sheared off with horizontal offsets of 1.35 
feet occurring towards the center of the excavation. The 
offsets occurred at an elevation approximately 48 feet 
below the excavation bottom. 

Inclinometers showed sharp, differential movements 
of 1 inch or less at several depths in apparently random 
directions. Three of the inclinometers indicated relative 
horizontal displacements in the order of 1 to 2 inches in 
a nearly horizontal layer of clay located beneath the bot- 
tom of the excavation. Wilson (1970) suggested that these 
offsets were due to concentrated shear stresses developing 


along the neutral axis of the layer, in a manner Similar to 
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( WILSON 1970) 
—FREEWAY EXCAVATION, MINNEAPOLIS, MINNUSOTA 
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(WILSON 1970) 
—GEOLOGIC SECTION, MINNEAPOLIS FREEWAY 
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shear stresses developing along the neutral axis of a thick 
beam subjected to bending. 

Chang (1969) reported that minor offsets of about 
1.5 inch occurred near the top of the impervious clay 
layer, immediately below the bottom of the excavation. A 
general tilt of the slope indicator casings was noted with 
the top tilted away from the excavation with respect to 
the bottom. 

In summary, recent field measurements, uSing incli- 
nometers, show that significant lateral displacements often 
result towards an excavation if a cut is made into a soil 
Or rock mass. The displacements are more marked in a highly 
Overconsolidated soil or rock mass or in a soil or rock 
mass with a low modulus of elasticity. Ina layered mate- 
rial, unequal displacements at the boundaries of lithologic 
units appear to result in differential displacements, or 
shear strains, between layers. The presence of a weak 
layer appears to result in movement being concentrated in, 
Or-at, the layer’. 

The engineering implications of stress relief in 
layered media has been recognized in a qualitative fashion 
by several authors. Kenney (1967) suggested that a con- 
tributary cause of the Vajont rockslide was movement be- 
tween layers due to stress relief resulting from formation 
of the river canyon. Movement of rock towards the valley 
resulted in differential shear strains. As a result, clay 


zones were formed between certain beds of rock with a 


ae 


























Jotds 6 to eixs Istiven oft pols 
he ac 

jyods to etea3ie sz0omim, sede 533% re 

yaio avoktviedmi ofa 10, qos odt i apo 

A inotdsevsoxe oft to moszod ont alaiaes 


dtiw Boston 26w apaiess soappibat egole . © dt 
o+ 3osgesr dtiw nok IBVEIKS eft mox? yews 6 


7 ,% eee 
oe 


-ifoni prieu esnonesueeee blot? sneoes vvesmmve a” 
&, L . t 
asdio ethomessigeib isresst snnobtinpie tedt woe Mie f 


wr 


“‘[foe 65 
ge . 


ofni absm ai suo & ti aorsevsox® ms abiswos 4 


\¥inipid 5 nit BsxAstsm stom Si6 atnomsosige lb sat ~.2! sf oa 7 : 
=! a le ‘- = i ty 
+ +10 [ioe 5 ni xo assem #5en ZO lioe Best Tat 


s5he) 
; ars 
tL Pe 


 ysbobteste to. auiubom wol s dsiw 
+ | 


ado 
-sem bexrsyal 6 ml 
oipofedis+if to eatisbawed ois +6 efnomeosiqels Léupen 
to  ejnemensi get isisnonsttkb mi siseet oF — s 23 
sow 6 to oonbaenm: a .eveysl neswied: + 5 ee : 


as eV 
(ni betetsnsoa05 pied Bacar oat ws otiiae ot 
7 te ; 


— 


pee 






of a! 99 
~~ 


nt tekfet eesrte to SmOtsRo- 

3 | Kae 

aotdest ovisssbisup 6 wb Beso 
oe 

ange 6 tsait bss 


-ed snemevom caw 


noLismiro} moxt pri 


yod fev odd abso 2 


yslo yaiuges s 
s dtiw ee 


- 


elke 


strength at the residual angle of shearing resistance 
(S')- The presence of these weak zones controlled the 
subsequent stability of the rock mass. 

Suklje (1969, p. 449) noted that the massive Gradot 
landslide in Macedonia occurred along a slightly inclined 
contact between overlying silty deposits and a clay base. 
The basic cause of the slide was postulated to be the 
erosive action of the Vatasha River deepening its bed and 
causing "unequal creep deformation" between the two strata 


overcoming the "cohesion" of the soil. 


Se.3 flexural Slip 


Structural geologists have recognized that many 
sedimentary strata have well developed plane-parallel stra- 
tification and this inherent weakness often controls the 
type of internal deformation which occurs during folding 
and buckling of the rock. During the folding of a sequence 
of sedimentary rock, such as shown in Figure 5.5, the outer 
layers slip over the inner layers. Slickensides have been 
formed in sedimentary rock folds due to this process (Ram- 
| say, 1967). The amount of flexural slip, between two beds 
of thickness x, is given by Norris (1967) as 


Interbed slip = x 97 
180 (eL)) 


1 The 


where 0 is the change in dip of the bed in degrees. 
mechanics of interbed slip for an anticlinal structure are 


shown in Figure 5.6. The maximum interbed slip occurs at 


ithe flexural slip mechanism assumes no change in 
length of beds during rebound and may somewhat overestimate 


Slip below the valley bottom. 
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SLICKENSIDES DUE ITO SLIP 





Le he ke FLEXURAL SLIP FOLDING (AFTER RAMSAY, 1967) 





Schematic diagram showing mechanics of folding of a two-layered model; axis of 
. . ° . x = . 
rotation O, inllection 7, sense of external rotation )s (fat arrow) and sense of rotation by 


interlaminar slip ‘: 


FIG. 56 ~INTERBED SLIP DUE TO FOLDING (AFTER NORRIS, 1967 ) 
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the points of inflection on the limbs of the anticline and 
the interbed slip is zero at the top of the anticline below 
the valley center. 

Geotechnical engineers appear to have been slow to 
appreciate the possible significance of this mechanism in 
the reduction of shearing resistance along a potential 
failure plane from peak to residual. It was not until 1966 
that Skempton (1966) noted that the low value of ¢', which 
must have been acting along the failure surface of the 
Vajont slide, could be the result of bedding-plane slip 
due to tectonic folding of the bedrock. 

The rebound of the bottom of river valleys and arti- 
ficial excavations has been documented in Chapters III and 
IV. Provided the valley has been cut in a layered sequence 
of rock, flexural slip should occur as a function of the 
change in dip, due to rebound, and the bed thickness. The 
maximum interbed slip due to folding can be calculated 
using Equation 5.1 for layers of varying thickness and is 
shown in Figure 5.7 for changes in dip up to 6 degrees. A 
relatively small change in dip can induce a considerable 
amount of interbed slip for a deposit with widely separated 
bedding planes; for example, a change in dip of 3 degrees 
due to rebound would cause a maximum interbed slip of over 
3 inches on the limb of the valley anticline for a bed 
thickness of 5 feet. 

Average bed thickness and vertical rebound between 


adjacent boreholes may be obtained from the profiles given 
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FIG, 5.7 MAXIMUM INTERBED SLIP DUE TO FOLDING A 
HORIZONTAL STRATIFIED SEQUENCE OF ROCK 
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in Chapter III. Hence, for certain of the damsites cited, 

a reasonably good estimate of the maximum change in dip of 
the bedrock can be made from simple geometry. Table 5.1 
shows the maximum interbed slip for various bed thicknesses. 
The selection of bed thickness poses a problem as horizontal 
bedding planes, which act as planes of weakness, are nor- 
mally not indicated by standard coring techniques. 

The observations from the two bridge sites in Edmon- 
ton, Alberta were discussed in Chapter III. In a given 
stratigraphical unit, horizontal bedding planes occurred 
at intervals of from 1 to 2 feet in the shale and from 2 to 
5 feet in the sandstone. Therefore, for the bridge sites 
at Edmonton, a bed thickness of 2 to 4 feet would be appro- 
priate for use in Equation 5.1. The maximum interbed slip 
due to folding at these sites should then lie between 0.4 
BnaeO. 7 anch. 

Larger bed thicknesses, however, could be expected 
in other formations than in the Edmonton formation. If a 
bed thickness of 10 feet occurred at Garrison or Boundary 
Dam, the maximum interbed slip could easily reach several 
inches. 

Underwood (1964) discusses three large dams construc- 
ted by the U.S. Army Corps of Engineers on the Missouri 
River where the bedrock is the Niobrara chalk of Upper 
Cretaceous age. The chalk is a horizontally bedded forma- 
tion interbedded with layers of bentonite which are up to 


3 inches thick. These bentonite beds are continuous over 
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TABLE 5.1 


FLEXURAL SLIP DEVELOPED DUE TO VALLEY REBOUND 


FOR SITES IN THE STUDY AREA 








Maximum 
Vertical Bed Interbed 

Site and Rebound Estimated Thickness Slap 

Location (Ft. ) Ads (EG) SH (inch) 
James Macdonald 25 0.88° 2 237 
Bridge (Edmonton) 4 0.74 
105 St. Bridge 2.5 0.86° 2 O.S7. 
(Edmonton) 4 0.74 
Hairy Hill Damsite 6.0 o#aak 2 0.14 
(North Saskatch- 10 0.20 
ewan River) 
Carvel Damsite - - 0.40° 5 0.42 
Valley Wall 10 0.84 
(North Saskatch- 
ewan River) 

fe) 

Ardley Damsite {pars 1.04 2 0.44 
(Red Deer River) 10 2.18 
Rocky Site A id eeoe42¢ 2 0.17 
(North Saskatch- 10 0.88 
ewan River) 
Garrison Dam-Abut- - e- On) 10 2.09 
ment (Missouri 
River) 
Boundary Dam (Long a Sc 2 1.26 
Creek, Saskatchewan) 10 6.28 
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long distances and some have been traced over 20 miles. 
The bedding, as exposed in the river valley, was nearly 
always inclined downward at 2° to 5° towards the bluffs. 
The finite element analyses in Chapter IV showed that an 
upwarping of beds in the valley wall results from vertical 
rebound of the valley bottom. 

Figure 5.7 indicates that a considerable amount of 
interbed slip will occur due to a change in dip of 2 to 5 
degrees. At Fort Randall Dam, excavation of deep cuts in 
the chalk resulted in a reported vertical rebound of 3 to 
4 inches. Small but definite offsets or overthrusts, of 
the higher over the lower beds, were noticed in the exca- 
vation sides. Offsets across a bentonite seam caused a 
sharp bend in the column pipe of a deep well, drilled 10 
feet back from the face of the powerhouse excavation. 

Gages set across all prominent bentonite seams exposed 
during the excavation showed that, after initial rebound, 
movement subsided rapidly. 

Underwood (1964) attributes the lateral movements to 
release of lateral stress. This is undoubtedly an important 
mechanism and may dominate in this case but the displacement 
pattern, offset of higher over lower beds, is exactly the 
behaviour predicted by the flexural slip mechanism. If the 
chalk units acted as intact layers, separated at wide inter- 
vals by thin, continuous bentonite beds, a study of Figure 
5.7 shows that a considerable amount of interbed slip could 


Occur due to a small rebound at the base of the excavation. 
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Some of the documented behaviour could be due to 
this mechanism as shown in Figure 5.8. If the chalk beds 
were assumed to be 10 feet thick and the vertical rebound 
caused a change in dip of degree, then a maximum interbed 
slip of 1.1 inches could occur. 

The excavation slopes in the Niobrara chalk at Fort 
Randall remained stable after the lateral movements. Natu- 
ral slopes along the river were noted to stand in high ver- 
tical cliffs and it is apparent that slope stability in 
this formation is unaffected by lateral stress relief or 
flexural slip due to rebound. This point will be discussed 
in some detail in Chapter VI of this thesis. 

The discovery of shear zones in the bedrock at the 
Mangla Dam project in West Pakistan caused a considerable 
change in the design of the project (Binnie et al., 1967). 
The nature of these shear zones, and other discontinuities 
in the Siwalik formation at the site, has been discussed 
by Fookes (1965) and Fookes and Wilson (1966). One of the 
major sets of discontinuities noted at Mangla were shear 
zones, consisting of planes within the clay strata of the 
Siwalik formation where relative movement had occurred 
along bedding planes due to folding induced by the orogeny 
of the Himalaya Mountains in Plio-Pleistocene times. 

The shear zones vary in thickness from a few milli- 
meters to over one meter. In the thinnest of the zones, 
movement is concentrated in one plane where in the wider 


zones, the bedrock has been sheared into a number of lenses. 
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Shear zones were found in two out of three clay beds and 
some beds contained more than one zone. These zones have 
been traced for over 1500 feet without encountering an end 
to them. Shear tests on block samples from these zones 
show that the clay has been sheared to its residual angle 
of shearing resistance (O" -)ire 

The beds at the site dip north-east at 10° to 15°. 

A study of the stratigraphy, given by Binnie et al. (1967), 
shows the bed thickness at Mangla to range from 5 to 20 
feet. Assuming an average bed thickness of 10 feet and an 
average dip of 15 degrees, the interbed slip due to folding 
can be calculated from Equation 5.1 as 2.6 feet. At Jari 
damsite (22 kilometers to the east) the dip of the beds is 
approximately 45 degrees. The amount of flexural slip 
between 10 foot beds is predicted as 7.8 feet. Although 
the cause of these features might be attributed to other 
mechanisms, it appears that the mechanism of flexural slip 
would induce displacements along existing beds sufficient 
to shear the rock in-situ to the residual. 

Another case, illustrating the effects of folding of 
bedrock, is given by Anderson and Schuster (1971), who des- 
cribe numerous landslides which have occurred mobilizing 
the residual strength in the clay-shale interbeds of the 
Columbia River Valley in Oregon and Washington. The bed- 
rock in the area consists of interbedded basalt and clay- 
shale beds. The sequence has been highly folded and, in 


some cases, faulted by tectonic activity which produced 
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"bedding plane slips" which are planar, heavily slickensided 
fissures which roughly parallel the bedding of the basalts. 
The clay-shales have peak and residual angles of shearing 
resistance of 44° and 10° respectively. 

In 1964, two highways and two railroads were re- 
routed through this area. Twelve slopes failed during 
construction of which nine were planar movements at resid- 
ual strength along pre-existing failure surfaces. These 
failures were 'wedge' shaped with a block moving downward 
along a nearly flat horizontal surface, parallel to the 
bedding of the clay shales. The other failures occurred 
along random fissures and appeared to have a rotational 
failure surface. The rate of displacement of each failure 
was low with days and sometimes weeks necessary for move- 
ments of a few feet to occur. 

The cases discussed show that flexural slip will 
occur in a layered bedrock sequence when large scale fold- 
ing, due to tectonic activity, occurs. There appears to 
be no reason why interbed slip should not occur, although 
On a much reduced scale, due to the formation of the 
gentle anticlinal structures below the valley bottoms of 
the study area. The amount of rebound, which has been 
noted in the case histories described in Chapter III of 
this thesis, could result in a maximum of several inches 
of interbed slip. 

Data on the strength parameters, acting along the 


beds following displacements of this magnitude, iS meagre. 
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Tests from Mangla show that the strength has been reduced 
to the residual after displacements which, if caused by 
flexural slip, vary from 2.6 feet at Mangla to 7.8 feet at 
Jari, for an assumed bed thickness of 10 feet. 

The lithologic nature of the bedrock appears £O.4con- 
trol the amount of displacement across a discontinuity 
required to reach residual (D'-)- Norris (1967) shows the 
interbed slip which occurred in the limestone Queensway 
folds at Ottawa, Ontario to be in the order of 1 inch. 
However "abundant polish and slickenside striae on bedding" 
were noted and indicate that the small amount of movement 
had reduced the angle of shearing resistance along the 
bedding to the residual. 

Studies on joint surfaces in the London Clay (Skemp- 
ton and Petley, 1967) indicate that joints formed by brittle 
fracture (no evidence of any shearing displacements) have 
essentially b' 5 acting across the joint with little or no 
cohesion. However, very small shearing movements, of the 
order of a few millimeters, are sufficient to reduce g' to 
its residual value. James (1970, p. 88) found, for samples 
of unweathered Oxford Clay, seven reversals in the shear 
box, On samples perpendicular to the bedding, produced 
less of a decrease in strength than one reversal along the 
bedding planes which caused a drop in strength 90 percent 
of the amount from peak to residual. 

Patton (1971) reported on the results of shear tests, 


done by Kanji at the University of Illinois, where a lower 
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residual strength was mobilized at failure along a kaolin- 
ite-limestone interface than was found for either the 

intact limestone or the kaolinite. Patton (1971) considered 
this 'interface' effect as being of considerable importance 
in field stability problems as shear adjacent to a very 
stiff material leads to a more rapid particle alignment and 


hence, rapid development of the residual strength. 


5.4 Finite Element Analysis of Lateral Movements Across a 
Weak Layer 


Several well documented cases have been cited where 
lateral movements and landslides have occurred along a 
bentonite layer. Bentonite seams are common in the Upper 
Cretaceous bedrock of the study area and are discussed in 
Chapter II. Bentonite beds, of up to 2 feet in thickness, 
have been reported in the Bearpaw formation at Fort Peck 
Dam in Montana by Fleming et al., (1970). Babet (1966) 
reports bentonite beds in the Bearpaw formation in southern 
Alberta which have thicknesses of over 10 feet. Bentonite 
beds of up to 18 inches in thickness occur in the Pierre 
formation at Oahe Dam on the Missouri River (Fleming et al., 
1970). Bentonite beds, 5 to 10 feet in thickness, are not 
uncommon in the Edmonton, Oldman and Wapiti formations of 
Alberta. Yudhbir (1969) and Scott and Brooker (1968) con- 
sidered that the presence of bentonite layers has an ex- 
tremely detrimental effect upon slope stability. 


The finite element program described in Chapter IV 
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was used to study the effect which a bentonite layer would 
have upon displacements caused by valley excavation. Grid 
1A, Figure 5.9, was used to study the effect of a 10 feet 
thick bentonite layer located either at the toe of slope 
(layer "A") or 40 feet below the valley bottom (layer "B"). 
A similar approach was used by Duncan and Goodman (1968) 

as part of a program to study the effect of joints upon 
rock slope stability. 

A valley 200 feet deep and 2000 feet wide was used 
to simulate the dimensions of a typical post-glacial valley 
of the study area. Initially, vertical valley walls were 
chosen. A modulus of elasticity of 10 k.s.i. and a Poisson's 
ratio of 0.30 were used for the homogeneous section of the 
grid to give a valley anticline similar to that found in 
nature. 

The value of 10 k.s.i. for E appears to agree 
reasonably well with the undrained moduli of the weaker 
formations of the study area and is considerably in excess 
of the drained values of E reported by DeJong (1970) for 
a bentonitic sandstone from the Edmonton formation. Thus, 
use of this figure to represent drained (or long term) 
displacements of the homogeneous bedrock appears reason- 
able as 9.61 feet of rebound in the valley center (3.2 
percent of valley depth) results from use of this value in 
a homogeneous grid, which falls within the range of field 
behaviour documented in Chapter III. 


The value of v of 0.30 was chosen arbitrarily to 
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represent drained behaviour as no reliable data is availa- 
ble for the bedrock of the study area. Variation in this 
parameter should not markedly effect the results. 

No triaxial moduli are reported for bentonite. 
However, field observations (Appendix B) show the material 
to be markedly softer than the surrounding bedrock and it 
would appear that the drained modulus of this material may 
be 1/10 or 1/100 of the value of E of the surrounding bed- 
rock. Swelling, due to adsorption of groundwater, would 
Tete to a considerable volume increase and would be simu- 
lated by use of a very low value of E in the bentonite 
layer. 

Low values of E were used successively in the two 
thin layers to simulate the presence of a bentonite bed. 
The modulus of elasticity of the simulated bentonite layer 
(E;,) was reduced successively to 0.10, 0.01 and 0.001 of 
the modulus of the rest of the grid (E). Values of ee, of 
0.50, 1.00, 2.00 and 3.00 were used to study the effect of 
the degree of overconsolidation of the bedrock. Initially, 
a value of vy of 0.30 was used for the entire grid although 
the effect of variation in v was later studied. The effect 
of distance to lateral boundary, distance to bottom boun- 
dary, width and position of the weak layer were also inves- 


tigated. 


Differential Movement Across Layer "A" Through Toe of 


Slope: Layer "A" was used to simulate .a horizontal bentonite 
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layer 10 feet thick, with its base level with the valley 
bottom. A study of the nodal displacements following exca- 
vation shows the top of layer "A" moving further towards 
the valley than the bottom at a given section. This leads 
to a differential displacement (6H ) across the layer 
which, when divided by the layer thickness, gives the 
average shear strain % across the layer. Figures 5.10 to 
5.13 inclusive show the differential displacements across 
this layer for ee 07507, 1700; 2. 002ands 36 0G-e et arce di. 
ferential displacements, or shear strains, occur due to 
stress relief; this effect is a maximum at the toe of 

slope and decreases with distance into the slope. The 
amount of differential displacement across the bentonite 
layer increases with K,: The use of high values of K, and 
low ratios of E,/E results in high shear strains occurring 
for considerable distances back from the toe of slope. 

The differential movement for a homogeneous section (E, /E = 
7.00) Esiseen to be negligible in Figure 52:10 and 58/11. 

For cases where the weak layer is very thin, the differen- 
tial movement is effectively the interbed slip. 

The maximum interbed movement occurs at the toe of 
the slope. The effect of K, and E,/= upon differential 
movement at the toe of the slope is given in Figure 5.14 
and 5.15. The effect of Kn is shown to be of prime impor- 
tance, especially where the ratio E,/E is low. For example, 
consider the case where E/E = 0.01. The differential 


movement in a normally-consolidated deposit (Ky = 0.6) 
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FIG. 5.15 MAXIMUM DIFFERENTIAL DISPLACEMENT ACROSS 
Caren eal [OE OF SLOPE 
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She, 


would be about 2.5 feet across layer "A" at the toe of the 
slope. In a highly overconsolidated deposit (Ky = 3.00) 
the differential displacement at the toe of the slope would 


be approximately 13.3 feet giving a shear strain of 133%. 


Differential Movement Across Layer "B" Bellow the Valiey 


Bottom: The effect of valley excavation on a weak layer 
below the valley floor was studied by placing layer "B", a 
10 foot thick row of elements, 40 feet below the valley 
bottom. The same range of parameters were used as in the 
study reported for layer "A". 

The differential displacement across the layer 
increases to a maximum below the toe of the slope and 
then decays rapidly to zero at the valley center as shown 
in Figure 5.16. The differential displacements are again 
a function of E,/= and K,- The effect of E,/= and K, upon 
the maximum differential movement are shown in Figures 
5.17 and 5.18. The presence in layer "B" of a low value 
of E/E results in a large differential movement ede the 
toe of slope. If layer B has a ratio of E/= of, 0.00, the 
maximum differential movement will be about 5 feet for a 
normally consolidated deposit (Ky ="076) ¥compared yto"1 3 


feet for a highly overconsolidated deposit with K, = 3.00. 


Effect of Modulus of Elasticity of the Grid Upon Differen- 


tial Movements: An increase in the modulus of elasticity 
of the grid, using E/E ratios of 0.10 and 0.01, caused a 


decrease in the amount of differential movement across 
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layers "A™“ and "B" as shown in Figures 5.19 and 5.20 for 
K, = 1.00 and v = 0.30. However, a high value of K, and 

a low value of E/E would still give large values of 6H, 
even for a value of E in the order of 30 to 40 k.s.i. 
which would appear a reasonable value, in view of the dis- 
cussion in Chapter IV, to simulate undrained behaviour of 


the valley. 


Effect of Variation of Poisson's Ratio y Upon Differential 


Movement: A variation in v was found to have only a sec- 
ondary effect upon the maximum differential movements. 
Figure 5.21 shows the effect of varying v for the entire 
grid from 0.48 (undrained behaviour) to 0.10. A minor 
variation in 6H at the toe of the slope for the layer "A" 
can be seen to occur. 

The value of w for layer "A" was varied from 0.48 
(undrained) to 0.10 while keeping v for the remainder of 
the grid constant. The results are shown in Figure 5.22. 
A small increase in 6H, at the toe of the slope, occurs 
for an increase inv of layer "A" for the parameters used 
(K, = 1.00, E = 10 k.s.i., E/E = 0.10). The small varia- 
tion in results indicates that the actual value of y used 
in the analysis is not of primary importance and selection 
of y = 0.30 for the entire grid should yield reasonable 


results. 


Effect of Boundary Position on the Differential Movement: 


The finite element studies reported in Chapter IV show 
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that predicted displacements around the valley are extremely 
sensitive to the distance to the boundries of the finite 
element grid. The effect of distance to the lateral boun- 
dary was studied by assigning an extremely high modulus 
ee x 108 p.-s.i.) to elements beyond a given distance 

from the valley edge. The effect of progressively moving 
the lateral boundary closer to the valley edge could then 
be observed. The results in Chapter IV show that this 
technique gives displacements which are very similar to 
those resulting from actually fixing the boundary node 
points. The results, plotted in Figure 5.23, indicate only 
a slight decrease in maximum displacement at, or below, the 
toe of the slope for layers "A" and "B" for a decrease in 
the distance to the lateral boundary. 

The effects of distance to the bottom rigid boundary 
of the finite element grid were studied by the same 'high 
modulus' technique. Figure 5.24 shows that the effect of 
depth of grid is small. 

Therefore, the variation in differential movement 
across a weak layer appears to be relatively insensitive 
to the boundary conditions used in the finite element grid. 
The amount of differential movement, obtained from a given 
grid geometry and set of input parameters, can be viewed 
with more confidence than the displacements obtained from 
a homogeneous grid, which are a direct function of distance 


to the boundary of the finite element grid. 
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Effect of Width of the Weak Layer: The results of the pre- 


vious section showed that the differential movement in the 
region of the toe of the slope was not influenced to a 
large degree by the distance to the boundaries. Therefore, 
Grids 8 and 8A (Figure 5.25) were used to study the effect 
of varying the thickness of layer "A" from 2 to 12 feet, 
keeping the aspect ratio of the triangular elements below 
the recommended figure of 5:1 (Wilson, 1963). 

Results are shown in Figure 5.26 for Kees = 00; 
Be= 10° k.8.1., ¥ =0530 and E,/E = 0.10. A decrease in 
thickness of the bentonite layer from 12 to 2 feet decreases 
the maximum differential movement at the toe of the slope 
from 2.2 to 1.05 feet. However, a decrease in thickness 
of the bentonite layer, while decreasing the differential 
movement, results in an increase in shear strain across 
the layer. A decrease in the layer thickness, from 12 to 
2 feet, increased the shear strain at toe of slope from 20 
to 53 percent. 

It would therefore appear that the thickness of the 
bentonite layers are of considerable importance, with 
thinner beds being of more critical importance to slope 


stability problems than thicker beds. 


Effect of the Position of the Bentonite Layer: The loca- 


tion of the bentonite layer, above or below the valley 
floor, was studied using Grids 1A and 8. The effect of 


the position of a 10 feet thick bentonite layer above the 
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valley floor was studied using Grid 1A. Results are shown 
in Figure 5.27. The effect of the position above the valley 
floor for a 4 feet thick bentonite layer was studied using 
Grid 8 and results are also shown in Figure 5.27. A rapid 
reduction in the maximum value of differential displacement 
at the valley wall occurs as the bentonite layer is raised 
above the valley floor for the parameters used (E = 10 
k-S.i.29 Ye= 0.30, E,/E = 0.10). 

The position of the 10 feet thick bentonite layer 
was varied from 390 feet below the valley bottom to 90 
feet above the valley floor, as shown in Figure 5.28, 
using the same input parameters. The maximum differential 
movement occurs when the top of the weak layer is level 
with the valley bottom. As the position of the bentonite 
layer is lowered below the valley bottom, a sharp decrease 
in 6H, occurring across the layer below the toe of the 
slope, is noted. The rate of decrease rapidly lessens and 
Stabilizes at a value of about 60% of the differential 
movement found when the bentonite layer occurred at the 
toe of the slope. It can be seen that relatively large 
differential displacements can occur even when the benton- 
ite layer is at a considerable depth below the valley bottom. 

Nodal displacements, on a vertical section through 
the toe of the slope, are plotted in Figure 5.29 for E = 
fomikese i... E,/E = 0.10, ¥ = 0.30 and K, = 1.00. The large 
differential displacements across the weak layer are clear- 


ly visible and do not markedly decrease with depth. Two 
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cases, using E = 40 k.s.i. to simulate displacements under 
undrained conditions, show the same trend although the 
differential displacements are much reduced. 

It is important to note that it is the presence of 
a layer with a modulus lower than the surrounding material 
which causes the large differential displacements and 
shear strains across a thin row of low modulus elements. 
Figure 5.30 illustrates this point. Grid 1A was modified 
to place the 10 foot thick row of elements 240 feet below 
the valley bottom. Initially, a homogeneous grid was used 
mice es slO kK. S212, ¥ = 0.30 and K, = 1-00. The thin layer 
was then assigned a value of E=1.0k.s.i. A third run 
was made using a homogeneous grid with E = 1.0 k.s.i. with 
all other input parameters the same as in the first two 
trials. The differential displacement across the layer 


under the toe of the slope is shown in Table 5.2. 


TABLE 5.2 
DIFFERENTIAL DISPLACEMENT ACROSS LAYER "B" 


BELOW THE TOE OF THE SLOPE 


eet De 0 seer sae aera Sa SE a 


Horizontal Horizontal 
E Grid E Layer Movement Movement 5H 
(ios Iz ) Lips Sul ot) Me Po2ede (FC.3 N.PwL6S) (FCA) (Ht.:) 
ZO. 0 10.0 2.556 2 eos 0.054 
10.0 La 3.297 x es es) 04927 
tO 120 2555s 25.026 04542 


a SS. SS SS SSS 
eng ee nl ee eee ee 










tebrau atnomsosiqeib oteiumke ed 
oft dpwodsis bread smse 9 ™ | 
-beoubox dover _ — 

to someesig ont ek t£ sefit 9Jon 


Isiztstem pnlLbhbnvo tise ett wads 
















bus etcomeoeiqe de [skjas 3 : 
.etnomsioe aulabom wot ‘to wot ‘nui =o 
beitibom.esw Al biso .dnttog eis 12k ¢ 
woled jo0% OS adnemele to wox Apids $002 OL « 
been asw bisrp evosnsponod & Wistttat wmodsod 
seyel nids ofT .00.f = A brs of.0 + Vane ore iT: 





uy 
aux butds A <2.e.d Orel * 2 Se ouley 5 ; npise ee 


ddiw .i-e.t 0.L = a. dadw itp etogmepomed, # 
+ rf vm . 

‘ows te rii oft at es omee oft erodomnz8q by 
1ave6l edd eeotos snomsoe Lge as ol ead: 


Igsnositon 
+7) eal ’ T.u 








fs se a Med a 


354 


AON S 3 Q230) | 


ofo= % 
Vi Glas 
NOILI3S 


HONOYHL NOGILIAS NO LNAW39V1IdSIG IWGON IWLNOZINOH O0€S 914 


0-0€ 


1301 





O°S2 


(13) INJN39V1dSIG WWGON 1VLNOZIYOH 
002 O's! 001 0's 


8, YBAVI 


14 zz60= fHE< s40l=3 Soro= 3/'3 6 ,A,YIAVT O 
149500 =*HEHSNO01=3 6 GIN 90WOH x 
‘taz76'0 ='HS § Irsyol=3 © GIND ‘90WOH @ 


WOLLOS A3ZTIVA 30 NOINVA313 mi 


| 


00 





° 
a 


oO 
Oo 
™N 
) aiyd9 JO WOLLOG WONS JINVISIC 


0o€ 


(14 


Oo 
°o 
Tt 


60S 


003 





ba y . ¥ mas : 
oe * 
PS 


0.0f 0.2 cos 21 oor” 
(rT?) 1WEMADAIISIO §=JAGOW - JATHOSIROH 


99042 20 30T HOUOMHT WOITOIe MO THIMBIAII2IO JAGOM JATHOSIAOH O62 QF. 


33:9 


In the case where a low modulus of 1.0 k.s.i. was 
assigned to the entire grid, a relatively large differential 
displacement of 0.542 feet occurred across layer ,“B". An 
increase in E of the entire grid to 10.0 k.s.i. reduced this 
to 0.054 feet. However, keeping the rest of the grid at 
10.0 k.s.i. and lowering the modulus of the layer to 1.0 
eS. (E, /E = 0.10), resulted in a differential displace- 
ment Of 0.972 feet. Therefore, a weak zone with a low 
modulus of elasticity in an otherwise homogeneous section 
can be seen to act as a 'shear-strain concentrator' in a 
Manner analogous to a hole in a plate acting as a ‘stress 


eoncentrator’ in.the classic theory of elasticity. 


os Effect of Valley Wall Inclination and Slope Flattening 


on Differential Movement 

River valleys and artificial excavations are seldom 
cut vertically for any great depth. Slide activity and 
other agents of mass movement will eventually flatten the 
slope to some angle dependent upon the shear strength of 
the rock, the depth of cut and the groundwater conditions. 
Two finite element grids were used to study the effect of 
slope angle and slope flattening on the differential dis- 
placements across a weak layer. Natural or artificial slopes 
are often flattened as part of construction activity or in 
an attempt to stabilize an existing slide or to improve the 


stability of an oversteepened slope. 
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Grid F, illustrated in Figure 5.31, was used to simulate a 
valley 200 feet deep and 1280 feet wide cut with a vertical 
wall. Grid FL, illustrated in Figure 5.31, simulates a 
valley of the same depth and bottom width but with 2:1 
sides. In both grids a 10 foot bentonite layer is simu- 
lated 50 feet below the valley bottom. 

The differential displacements, due to cutting the 
valley with a vertical wall, are shown in Figure 5.32 for 
mie input parameters of E = 10° k.s.i., Vv = 0.30, E,/E = 0.10 
and values of K, ranging from 0.667 to 3.00. As discussed 
before, results are dependent upon Ko: The maximum differ- 
ential movement occurs below the toe of the slope and for 
K, = 3.00, approximately 3.05 feet of differential movement 
occur. 

The differential movements due to cutting the valley 
at the 2:1 slope are shown in Figure 5.33. lLarge values of 
differential displacement occur some distance back into the 
slope from the toe of the slope but are less than for the 
case of vertical excavation. For Ky = 3.00), about.-2 38tee. 
of maximum differential movement occurs compared to 3.05 
feet for the case of vertical excavation using the same 


input parameters. 


Effect of the Slope Flattening: The effect of flattening 


the slope from the vertical (Grid F) to a 2:1 slope (Grid 
FL) can be studied by taking nodal stresses from Grid F 


along the proposed 2:1 slope, converting them to nodal 
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forces making due allowance for the presence of shear 
stresses, and then reversing these forces and applying them 
as a boundary traction to Grid FL. The displacements ob- 
tained from this process are added algebraically to dis- 
placements obtained from the vertical excavation (Grid F) 
and, by the principle of superposition, should equal the 
displacements found by use of Grid FL when the valley is 
cut to a 2:1] slope in one step rather than two. 

Differential displacements across the bentonite layer 
resulting from the two different approaches to excavating a 
2:1 valley wall are shown in Figure 5.34 for the case Kae 
2.00. A reasonably good agreement between the two methods 
is found with a maximum difference in displacement of about 
0.1 feet below the toe of the slope. The source of the 
discrepancy appears to be that the boundary nodal stresses 
found from Grid F are somewhat in error. The approximation 
errors inherent in use of the constant-strain triangle are 
discussed by Wilson (1963), this case illustrates the 
limitations of this element. 

The differential displacements which will occur due 
to flattening of the valley wall from a vertical to a 2:1 
slope, are given in Figure 5.35. Movement along the ben- 
tonite layer, below the toe of the slope, is seen to be 
negative with the top of the bentonite layer moving away 
from the valley with respect to the bottom of the layer. 
This is analogous to the process of reversal of shear in 


the direct shear test. It can be seen that, while the 


Vet : a = » et 
a: A” r : 

=) 
a f - 7 

wo. Y OE 


= 































xsetie io sonsasag.sAe 0k ers 
© rape 2)!" 
mais paiyiggs bus 89010? overt? pate B18 x ned bas 


cS B13 eer 


-do atnemsosigetb off .d4 pix. od a0. 


~aib o3 yilevigad opis Bebbs ox6 ese 


eit Isups Bilvorle nos beoqtequa v9 ote 


z 


BAY 


it yolisv sit netiw da bixd to ore yd ba 
ows merit x9d36% qasa eno ni e eq¢ 
cotned st 220108 adnemeoniget® is. i3e 
o3 aendosotags tnosaRhib ows ori ome . 
A see i¢ +o? b€.2 stpplt nd wore S15 Lew of. 
oO - 
eldencnat 


ebottem ows edt aeowsed ja tema. boop. A 


xoys i 33 j ft 


ee 


is 


} 
tueds to tnemecsigetb at eoaeta3 bb ania +4 


eit to gonrvoe stiT -egole odd 20 903 * aa “wo. 


ese2exzse Leben yisbasod end teas ead ot ‘i 


a 


iss smi xoxggs odT 20729 nk seriwomoe 4 
) 2 
as olpn sist atsate- ~4nsenoo ‘ods to eeu ff. 


ois sotessauile Rates tas, (e901) 


4 


— 


© 


ote sm .© 


' 


sub 1900 {liw dotdw 1 asmomosiqadb § ‘ ea 219 tit 
[:S s od Isoitrev s most, Liew yest 7 207 


suhal : aes 
“ned odd prois — ———e 2.2 97 ! + F, 
- - oe , ine : te 
b ctaies paivom. eas oss nf none sti ne 


~ : 


toyst ont to mostod &F 
ni ssode to isaxevex | 


ott ofitw said a ans! 
’ Be! wd * 
ty ia ey — a Ade 


361 


1O0P 
OF SLOPE 








E =10 k.si. 


TOE 
v = 0.30 


J OF SLOPE 


oF 91 28) vol 
LBENTONITE LAYER 


0.10 
0.30 


E/E 
v 





é.HehT 


SIEP 1 
VERTICAL par | [jis 1.794 
EXCAVATION 
Pe P.2 
SLOPE 0.012 0.140 0. 24) - 0.459 
FLATTENING 
SUM _£H 
0.379 0,794 1.355 1,335 
2-STEPS 
EXCAVATION 10 Fi ae wee 
2:1 SLOPE 
(1-STEP) 
| 2S 








FIG. 5.34 COMPARISON OF A ONE STAGE TO A TWO STAGE 
EXCAVATION PROCESS (K, = 2.00 ) 
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algebraic sum of the differential displacements across the 
bentonite layer is the same for the two stage excavation 
procedure as for excavation directly to the 2:1 slope, the 
vertical excavation followed by slope flattening will lead 
to larger cumulative sums of the absolute values of the 
differential displacements across the bentonite layer. 

The cumulative sum of the differential displacements 
across the bentonite layer due to vertical excavation, plus 
the further displacement due to slope flattening, is shown 
in Figure 5.36. The differential displacement across the 
bentonite layer is maximized under the toe of the slope. 
Comparison with the displacement due to a single stage 
excavation to a 2:1 slope (Figure 5.33) shows that the 
total differential displacement experienced by the ben- 
tonite layer in the region of the toe of the slope is 
approximately twice as large using the two stage excava- 
tion process. Only a minor difference in differential 
displacement across the bentonite layer exists between the 
two methods below the valley edge and the upper portion of 
the slope. A marked difference occurs under the lower half 
of the slope and for some distance out under the river 
valley. The effect is seen to be most pronounced at high 
values of K,; for example at K, = 3.00, excavation directly 
to a 2:1 slope would lead to a differential displacement 
across the bentonite layer of about 1.8 feet under the toe 
of the slope. Excavation to a vertical slope, and then 


Subsequent flattening to 2:1, would give a total cumulative 
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differential displacement of 3.5 feet at the same point. 


5.6 Summary and Discussion 


The cases documented in Section 5.2 of this chapter 
show that large lateral displacements can occur due to an 
excavation and that these displacements appear to be con- 
centrated at bentonite layers and changes in lithology. 

The slickensides observed in bedrock cores, concentrated 

at bentonite beds and changes in lithology, from the sites 
along the Missouri River (Fleming et al., 1970) appear to 

be due to concentrated lateral rebound leading to failure 
in-situ of the bedrock and subsequent polishing and slicken- 
siding as the strength along these discontinuities fell to 
the residual. 

The two mechanisms studied in this chapter, flexural 
slip and differential rebound across a layer weak with a 
modulus lower than the surrounding bedrock, qualitatively 
predict much of the observed field behaviour in the study 
area. Rebound of the valley bottom results in interbed 
slip below and adjacent to the valley. Differential move- 
ments should be maximized on the limb of the resulting anti- 
clines and a maximum value of slip in the order of several 
inches appears likely for the cases documented in the study 
area. The release of lateral stress leads to the resulting 
displacements being concentrated across weak layers in a non- 
homogeneous material. This effect is maximized for low 


(or drained) values of E, a low ratio of E of the weak 
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layer to E of the surrounding material, and high values of 
K,- The shear strain generated by this mechanism would 
apparently only reach significant values where there exists 
a horizontally bedded, highly overconsolidated soil or rock 
which has a low modulus and continuous thin layers charac- 
terized by a very low value of E. This description aptly 
describes a number of the formations of the study area. 

The formation of a river valley in the study area, 
therefore, will generate extremely high differential dis- 
placements across horizontal planes of weakness. Data on 
the amount of displacement in the field, necessary to shear 
the bedrock in-situ to the residual, is virtually non- 
existent. However, the documented behaviour of the land- 
Slides in the study area suggests that failure in-situ 
has occurred and that the residual parameters acting along 
the horizontal base of the slides have been produced by 
mechanisms associated with valley formation. Subsequent 
slope stability is then controlled by other factors such 
as piezometric level and slope height. 

The finite element simulation of slope flattening 
indicates that the differential movements (or shear strains), 
which occur across a weak layer, are a function of the 
excavation sequence used. Excavation to a steep slope and 
subsequent flattening produces a greater cumulative shear 
strain across the weak layer than direct excavation to the 
final slope configuration. Provided that the shear strain 


resulting from the initial steep cut was sufficient to 
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reduce the strength acting across the weak layer to below 
the peak, slope flattening will result in a further drop in 
strength due to the additional cumulative strain generated 
by the further excavation necessary to flatten the slope. 
This phenomenon may explain the marked tendency in the 

study area for slope flattening and minor toe excavations 

to generate landslides as discussed in Chapter II. A nunm- 
ber of interesting possibilities for the analysis of natural 
slopes and for the future design of excavated slopes arise 


from these concepts and will be discussed in Chapter VI. 
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CHAPTER VI 


CIVIL ENGINEERING APPLICATIONS 


G2  Antroduction 

This chapter will discuss the application of the 
results of this study to problems of slope stability in 
the study area and, in a more general fashion, to stability 
problems in overconsolidated fissured clays and shales 
elsewhere. Implications for the design of such engineering 
structures as earth dams, bridge piers and cofferdams will 


be noted and illustrated by several examples. 


6.2 Summary of Thesis Results 


The literature review presented in Chapter II on the 
nature of the bedrock of the study area shows that the bed- 
rock of the study area is characterized by: 

1. high lateral stresses. 

2. low values of E. 

3. a low coefficient of permeability. 

4. ubiquitous horizontal planes of weakness in the form 
of bentonite layers and bedding planes. 

The review of landslide activity in the Cretaceous 
bedrock of the study area shows that: 

1. a progressive decrease in strength appears to be 


acting along river valleys. 
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2. the bedrock is extremely sensitive to unloading and 
excavation induced landslides are common. 

3. the landslides commonly have a long horizontal base 
controlled by a horizontal plane of weakness. 

4. most of the slides analyzed have a strength at, or 
close to, the residual acting along the horizontal 
base of the slide. 

5. the landslides frequently occur in conjunction with 
bentonite beds, with the bottom surface of the 
slide mass moving in, or along, a bentonite bed. 

The case histories, presented in Chapter III on the 
magnitude of rebound which has occurred below the valleys 
of the area, clearly show that large vertical, and hence, 
lateral deformations have occurred during valley formation 
due to stress relief and subsequent rebound. The finite 
element results in Chapter IV indicate that a low, or 
drained, value of E must have been acting to produce the 
magnitude of displacements observed in the field. The 
difference between drained and undrained moduli appears to 
explain the difference in magnitude of rebound below arti- 
ficial excavations and the river valleys of the study area. 

The present river valley walls are, therefore, not a 
Static feature but have undergone large vertical and 
lateral displacements since valley formation. Postglacial 
valleys were formed by rapid downcutting at the end of the 
Pleistocene. The immediate rebound which accompanied 


valley formation would be controlled by the undrained 
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modulus of the bedrock and was comparatively small; the 
final equilibrium conditions would be controlled by the 
drained modulus which is characteristically 1/2 or 1/3 of 
the undrained modulus. The present valleys are geologi- 
cally young and calculations given by Koppula (1970) show 
that high negative pore pressures could still exist below 

a postglacial valley carved into relatively impervious bed- 
rock. Therefore, time-dependent rebound may, in some areas, 
still be going on although at an imperceptible rate. 

The bedrock of the study area has dominant horizon- 
tal planes of weakness in the form of bedding planes and 
bentonite layers. The displacements due to valley forma- 
tion can result in flexural slip between beds below and 
adjacent to the valley, due to the formation of the valley 
anticline and valley flexure. This phenomena is reviewed 
in Chapter V and displacements between the beds, in the 
order of one to two inches, appear probable for the cases 
documented. 

The relief of lateral stress will result in an 
inward movement of the valley wall. The presence of thin 
beds of bentonite or bentonitic shale, with a modulus 
lower than the surrounding bedrock, has been shown to 
result in the development of high shear strains across the 
weak layers. The magnitude of these movements, for input 
parameters representative of the weaker formations of the 
study area, appears sufficient to lead to a large reduction 


in strength for a considerable distance back from the 
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valley edge. The field observations documented in Appendix 
B, the correlation between slickenside occurrence and the 
presence of bentonite layers or lithologic change (Fleming 
et al., 1970), and the separation of cores at points of 
lithologic change noted by P.F.R.A. (Chapter II) support 
the mechanistic picture presented by the flexural slip 
mechanism and the finite element analysis. 

Thus, in summary, the experience recorded in the 
study area shows that most of the landslides which occur 
along the river valleys are controlled by shear strengths 
at, or close to, those predicted by residual parameters. 
Processes associated with valley formation (flexural slip 
and stress relief) have apparently caused this reduction of 


strength in-situ. 


6.3 Application to Slope Stability in the Study Area 


Review of existing theory: A feature characteristic of 


Overconsolidated, fissured clays is the decrease in stabi- 
lity of a cutting with time. Terzaghi (1936) proposed that 
excavation involved release of lateral stress which led to 
a subsequent opening of joints and fissures and allowed an 
accumulation of water in these openings. A softening of 
the clay on the walls of the joints and fissures led to a 


decrease in strength of the soil mass with time and subse- 


quent failure. 
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Skempton (1948) and Cassell (1948) documented the 
decrease in stability with time for cuttings in the London 
Clay, using the g = 0 method of analysis, and found the 
undrained strength acting at failure to be much lower than 
indicated by laboratory tests. Binger (1948) found a simi- 
lar drop in strength for the Panama Canal slides in the 
Cucaracha shale. Figure 6.1 illustrates the decrease in 
strength with time required for a factor of safety of unity, 
computed using the g = 0 method of analysis. 

Studies of landslide case histories in England, 
using effective stress analyses (Henkel and Skempton, 1954, 
Henkel, 1957 and others), showed that the effective cohe- 
sion acting in the field was often less than measured in 
the laboratory. This finding led to the theory that the 
effective peak frictional strength (D',) controlled slope 
stability with the cohesion tending to zero with time. 
However, as has been discussed previously, numerous land- 
slides have occurred in overconsolidated clays which can- 
not be explained by laboratory peak strengths. The use of 
residual strength parameters (Skempton, 1964) explains 
previously documented failures which have occurred at 
exceptionally low strengths. 

Residual strength provides a basis for the analysis 
of movements which occur along a pre-existing failure sur- 
face. However, the decay of strength with time and the 
retrogressive nature of many landslides in overconsolidated 


: clays suggests a mechanism, or mechanisms, by which the 
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strength of a cutting is reduced with time. 

Bjerrum (1966) presented a theory of progressive 
failure to explain the difference between field and labo- 
ratory strengths in overconsolidated plastic clays and clay 
shales. The clay is assumed to have a large amount of 
recoverable strain energy due to its stress history. Exca- 
vation results in an expansion of the clay towards the 
cutting and a concentration of shear stress, due to the 
presence of a discontinuity in the clay mass, results in 
the progressive formation of a failure surface at the resi- 
dual strength. Progressive failure leading to the develop- 
ment of a continuous failure surface will occur when: 

1. local shear stresses exceed the peak strength of 
the clay. 

2. the advance of the failure surface is accompanied 
by local differential strains in the zone of shear 
failure that are large enough to strain the clay 
past the peak on its stress-strain curve. 

3. the clay shows a large and rapid decrease in shear 
strength with strain after failure has occurred. 

Bjerrum (1966) considers that overconsolidation pro- 
duces diagenetic bonds which alter the clay structure and 
produce the characteristically stiff and brittle overcon- 
solidated clays and clay-shales. Weathering destroys dia- 
genetic bonds and releases stored strain energy and hence, 
produces high lateral stresses. Therefore, the relative 


propensity of an overconsolidated clay for progressive 


ric 







omit ate tia ett 
‘ gyiessxpotq to yLosHs & pesaseosa ( 
-odsi bas bieit asewsed eonsxeF2kb 6 o: 
fe) bas eysio oisesiq betsbi Loenooxeve aan rt = ; 
+o ¢nvoms opxel s sve of Bemueas el part 
.yroteid esense ast ot eub ‘ypzens aise 2 ays pik > 
eft absewost ysio att to nokeasaxe a6 ak et eh oO 
sax o8 eu : ssere 20 noktes3a92209 ah 
ni etiveat aeem ysl oft mt ysiuatsaoveth 6 2 
-~peer sds t6 sostive siusiis? & io nobsemxo3 sv 
eb oft o2 wniibsel otulint evieaetpord dt pane 
:qerw auop0 Iitw eostiue omlist auougisnoD 8 


%o dipasrse aseg off tecexe wieosenta xsede. : 


ey” 























ysl 


~foxa 


“qo... [ovo 


beinaqmoons et ‘postive emlis? one 2o ¥ 
teenie to snos edit mi enigede site 
ysio ods aisite O29, devons opined oa 
ov sisie-satts ad 9 4 | 

xsefe mi sesotosb bigest bas spat 5 eve i S. sio 91 
-beriwo;e aan owiked, a2 ee asiw ses: i : 

‘ eee 





-orq norsebs Loanooteve, 


bus osuaguide yes c= oe sume 
-nosievo eltsiad a ci Me é 

-sib : RE se : a 
.soned Bas oan m : 


ovianton ad ho 
; ii ) 


‘a 


od i, 


failure is assumed to depend upon the strength of the dia- 
genetic bonds, the degree of weathering, and the locked-in 
strain energy. 

Bjerrum considers creep (defined as movements which 
occur at an imperceptible rate) as a phenomenon related to 
the slow volume expansion which accompanies the liberation 
of stored strain energy in the zone of weathering. Creep 
is considered to result in a lateral expansion which can 
ultimately lead to the development of a continuous failure 
surface and the ultimate failure of the slope. 

The theory of progressive failure provides a quali- 
tative method of explaining the behaviour of slopes in 
overconsolidated clay as: 

1. #ailures* typically ‘start ‘at ‘the toe“of the slope 
and progress inward as shown by deBeer (1969) and, 
in highly overconsolidated shales, are often com- 
posed of a number of retrogressive slide blocks 
(Hayley, 1968). 

2. failures are often controlled by strengths lower 
than the laboratory peak values. 

3. failures often occur along a horizontal plane at 
the base of weathering. 

Considerations of progressive failure have been 
invoked by a number of authors (Peck 1967, D'Appolonia et 
al., 1967, Beene 1967, Conlon and Isaacs 1970 and others) 
to explain differences between field and laboratory 


Strengths. Laboratory results, noted by R. J. Conlon 





























at ia, a ha! , 

ie 

-sib oft to ddpnetze was cogy ange 68 mae my 
ninfexsol ort bas eiaciamentth rpeb ed: iia gr 


wee 
a aha i 


dotdw etnsmsevom 36 ponttab) .qesto ” 
possiet donsmoneig & BS tasevinmnoncnnneel 
norssxsdii sorts os tacemenn to tdw nolensqxe Smole wots 
pakxedtsew 20 Sme8 efd ab yezens abe : 
obansaxs isistecl s°ak dindet 02 Bet | vale ‘ 
sromgolsveb eds 09 Baal “ = 


A 


o7 


qest> 
napa doidw 


sturts? etfosmisaos & bad 


.sgqoha ed te sxubbe® esemisiy — 6 sie 

-~ilsup 6 eshivozg siulis? oviessibore: ‘to yre as i 
at esqole. to <spoiveded sit pmintelqxs 20 '5 1 ‘i me ; £ 
“-\ se6 Yslo bests — 19 


swerth ; 
« - > > 4, 


aqofa pits to sos said 35, siete ylisotgys ‘ 
bas (R825) xe8dsb yd nwese Be” baswnd eeexperd | 

“ i 

{MOD astto ais ,aelate coaeneunneneee ; 


atoold ebife ov henna co wenen'é 


~ 
! 


rswol anitpne7se ve bot $e euulist 
gs onsiq arian il ce we ae 


Pad 


: ba vase my 
aeed svéd mene! a i cro | 
ge sinofoyge'd , vee 

“ee bane i? et 


toxedgo.Gne OFBE 48 abet 19 


af 


ie, -foe 


We she sal 
none nt na . 
"ARS 






as 


376 


(unpublished) and reviewed by Peck (1967), indicate that 
the strain at peak strength is dependent upon normal pres- 
sure with somewhat larger strains being necessary to mobi- 
lize the peak strength at intermediate, rather than at low 
or high normal stress. It can therefore be postulated that 
the top and lower portions of a failure surface will have 
failed (or be past the peak of the stress-strain curve) 
while the central portion is still mobilizing its peak 
strength. Considerations such as these have led Conlon 
ana isaacs (1970, p. 26-27) to state: 

"The peak strengths of individual soil elements simply 

cannot be mobilized simultaneously along a potential 

failure surface because, as it is now generally accep- 

ted, the failure of practically every soil mass is 

progressive failure." 

The concept of progressive failure does not, however, 

appear to apply in every case studied. Skempton (1970) 
notes that the strength controlling first-time slides in 
London Clay eae is controlled by a value of ¢g' close 
to the peak value of 20°, although values of c' have decreased 
to close to zero (termed the fully softened value). Skemp- 
ton considers that relatively small displacements are 
required to reduce the London Clay to its fully softened 
ferccerortc =O and p= et ie No smooth continuous 
failure surface has yet developed at this stage although a 
complex of minor shears probably exists. Movements in the 


field in the order of 2 to 3 feet are considered necessary 


to generate a continuous, smooth failure surface. 
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The fully softened strength (c' = 0, ¢g' = p',) is 
considered to be the limit of strength reduction for first- 
time slides in the London Clay and probably many other 
fissured clays. However, slides in overconsolidated, non- 
fissured clays at Lodalen (Sevaldson, 1956) and Kimola 
(Kankare, 1969) and in non-fissured clay till at Selset 
(Skempton and Brown, 1961) occurred at strengths close to 
the undisturbed peak value. Skempton (1970) considers this 
behaviour is due to the absence of fissures or other struc- 
tural discontinuities. 

Skempton (1970, p. 323) concludes that: 

"Clays with a higher degree of over-consolidation or 
a greater tendency to expand, following stress relief, 
may suffer a greater drop in strength even before a 
first time slide occurs. In such materials the 
residual may indeed by the relevant limiting strength, 
as suggested by Bjerrum (1967). This would also be 
the case if, over an appreciable proportion of its 
length, the slip surface could follow a bedding 

plane or other discontinuities along which tectonic 
shearing has taken place." 

Bishop (1971), however, considers stability analysis 
based on some mechanism of progressive failure to be the 


proper method of explaining first time failures in the 


London Clay. 


Review of the Theory of Progressive Failure: The theory of 


progressive failure implies that the decrease in strength 
of the soil or rock mass is due to a process acting at 
selected points due to favorably located discontinuities. 


Bjerrum (1966, p. 6) states: 


"Tf the long term stability of all slopes in over- 
consolidated clays was governed by the residual 
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shear strength, wide areas in the United States and 
Canada where the clay shales outcrop would be as 
flat as a pancake, and, indeed they are not. Next 

to areas where slides have occurred, there are exist- 
ing slopes which indisputably have been stable for 
hundreds of years with an inclination incompatible 
with an angle of shearing resistance as low as the 
residual value." 

This conclusion is not supported by studies of land- 
slide activity along the Pembina and South Saskatchewan 
Rivers of Alberta (Matheson, 1970; Roggensack, 1971) which 
showed that zones of high groundwater level correlated well 
with areas of intensive landslide activity. Studies on the 
valleys of the study area, by the U. S. Army Corps of 
Engineers (Fleming et al., 1970) and the Prairie Farm 
Rehabilitation Agency (P.F.R.A., 1969a), show that high, 
steep valley walls can exist, provided the water table is 
low, even if the residual strength exists along horizontal 
planes of weakness. 

Zones of groundwater discharge, often associated 
with the upper surface of bentonite layers, were noted by 
Scott and Brooker (1968) in several of the slide zones 
studied in the Bearpaw formation or its stratigraphic 
equivalent in Western Canada. The observations at the 
Devon slide (Eigenbrod and Morgenstern, 1971) and at the 
Beverly bridge (Appendix B) show that groundwater conditions 
in the area are very complex with perched water tables com- 
monly occurring due to the presence of bentonite layers. 


The stability of natural valley slopes in the study 


area appear to be controlled by local groundwater conditions. 
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The presence of a low water table results in high, steep- 
sided, stable valley walls while a rise in the water table 
results in an increase in landslide activity. 

The review of published data on landslide activity 
in Chapter II shows that the majority of the landslides in 
the study area are controlled by strengths well below those 
predicted by peak parameters. The reduction in strength 
could be due to progressive failure; however, in view of 
the magnitude of the deformations which have accompanied 
valley formation in the area, it would appear that planes 
of weakness now exist along bentonite layers and bedding 
planes along which the shear strength has been reduced, in 
some cases, to the residual. 

Other explanations for the observed behaviour are 
possible. It could be argued that all the slides documen- 
ted are reactivations of fossil landslides or that movement 
of the glaciers, during the Pleistocene, sheared the bedrock 
in-situ to the residual. However, the relative absence of 
large fossil slumps in the Fort Union Group and Colorado 
formation along the Missouri River (Fleming et al., 1970) 
tends to weaken the first proposed mechanism. The slicken- 
sides and striae on the bentonite layer at the Beverly 
bridge (Appendix B) were observed to point directly perpen- 
dicular to the valley wall in an east-west direction. The 
direction of ice movement in the Edmonton area was from north- 
west to southeast (Geological Survey of Canada, 1967) and it 
thus appears unlikely that these features are due to ice 


movement. 
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Effects of Valley Formation on Slope Stability: An excava- 


tion made in overconsolidated clay will reduce the pore 
pressure adjacent to the excavation since the pore pressure 
coefficient A is low for overconsolidated soils. Very low 
or even negative pore pressures are possible. The decrease 
in pore pressure due to excavation has been inferred in the 
Boom Clay in Belgium (de Beer, 1969) and in the London Clay 
at Bradwell (James, 1970, p. 140). Pore pressure deficien- 
cies have been measured in the Cucaracha shale at the site 
of the East and West Culebra slides on the Panama Canal 
(Lutton and Banks, 1970) and in the Gault Clay at Folke- 
stone Warren in England (Wood, 1971). 

Koppula (1970) showed that application of one-dimen- 
Sional consolidation theory, to the excavation of a river 
valley into a saturated clay with a low permeability, pre- 
dicts high negative pore pressures below the valley floor. 
Hence, negative pore pressures might still exist below a 
postglacial valley incised into a formation such as the 
Bearpaw or Pierre which has a low value of C,,. Negative 
pore pressures might be induced in the valley walls although 
dissipation would be more rapid in view of the effects of 
geologic structure, jointing and drainage path. 

The initial excavation of the valleys at the end of 
the Pleistocene was rapid, hence it would appear correct to 
analyze the initial rebound accompanying valley formation 
using the undrained modulus of the bedrock. The presence 


of low or negative pore pressures result in a relatively 
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high value of E and the resulting rebound would be low - in 
the order of 0.5 to 1.0 percent of the valley depth. A 
relatively small change in dip along beds below and adja- 
cent to the valley would result and a small amount of 
flexural slip between beds would occur. The shear strains, 
which would occur across bentonite layers and other planes 
of weakness due to release of lateral stress, would be rela- 
tively small. 

Dissipation of the negative or low pore pressures 
would result in continuing time-dependent rebound whose 
ultimate magnitude is governed by the drained modulus of 
the bedrock. Thus, both flexural slip and shear strain 
across weak layers would increase with time. The behaviour 
of the slides in the study area indicates that sufficient 
shear occurs relatively soon after valley formation to sig- 
nificantly reduce the strength along critical planes of 
weakness. 

James (1970) found that peak frictional parameters 
control first time failures in the London Clay; Lutton and 
Banks (1970) obtained similar results for analyses of the 
initial failures on the Panama Canal. Thus, it would 
appear that initial undrained displacements following 
excavation are not sufficient to reduce the strength para- 
meters in the case of a relatively homogeneous overconsoli- 
dated clay. The absence of continuous, horizontal planes 
of weakness in the London Clay and Cucaracha shale appears 


important in understanding slide behaviour since only small 
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shear strains result from stress relief in homogeneous 
materials. 

The release of lateral stress may result in tension 
joints forming parallel to the valley wall as is discussed 
in Chapter VII. Formation of these joints, along which 
there has been relatively little or no shear, would result 
in a decrease of cohesion across these surfaces to zero 
(Skempton and Petley, 1967) although it appears unlikely 
that any substantial decrease in g' would occur. 

Therefore, formation of the valley would, depending 
upon the occurrence and location of bentonite beds and 
bedding planes at a given site, result in a series of poten- 
tial failure surfaces along which a decrease in strength 
has occurred. The actual loss in strength would be a func- 
tion of the geometry of the initial planes of weakness, the 
elastic properties of the bedrock, the in-situ stress 
relieved, the time since valley formation, and valley 
geometry. 

An increase in the amount of flexural slip and shear 
strain across weak layers occurs with time, due to the 
change from undrained to drained conditions. This will 
tend to decrease stability with time. 

The sequence of events following valley formation 
explains the occurrence of large, retrogressive landslides 
noted on the outside of meander bends in the study area 
(Matheson, 1970 and Roggensack, 1971). Active erosion of 


the river, on the outside of the meander bends, leads to 
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further release of vertical and lateral stress. The subse- 
quent vertical and lateral rebound leads to a further 
decrease in pore pressure in the valley wall. Piezometer 
levels in the overconsolidated Gault Clay are appreciably 
lower than sea level at Folkestone Warren in England (Wood, 
1971) and have apparently resulted from rapid landward 
erosion of the cliff by the ocean. The rapid lateral ero- 
sion of a river in the overconsolidated bedrock of the 
study area should produce similar results. In a deeply 
incised valley, oversteepening of the slope, combined with 
low strength values acting along horizontal planes of weak- 
ness, results in the initiation of a landslide. 

A series of retrogressive slides are likely in this 
Situation as gradual removal of the toe of the initial 
Slide by river erosion results in further unloading of the 
rock landward of the failure surface. Subsequent rebound 
results in a further decrease in strength along critical 
planes and a retrogressive series of slides results as 
documented by Hayley (1968) at the Little Smokey bridge in 
northern Alberta. The gradual 'creep' of these slide 
blocks, along a failure surface now at the residual strength, 
is then due to gradual equalization of the low pore pres- 
sures and a gradual decrease of the effective stress on the 
failure surface as postulated by Wood (1971). 

Several important points arise from consideration of 
the processes which accompany valley formation. Slopes 


presently existing in the study area are controlled by 
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planes which have been sheared in-situ to a strength lower 
than the peak. The differential displacement across these 
layers will vary with distance back from the valley wall, 
hence, the strength acting along these discontinuities will 
vary from place to place. The strength acting along these 
surfaces cannot be deduced from peak or residual strengths 
of the rock mass and thus, if a meaningful analysis of the 
stability of an existing slope is to be made, undisturbed 
samples must be obtained of critically located bentonite 
layers and bedding planes. Carefully controlled strength 
tests would then show the strength parameters which are 
currently acting. 

Conventional drilling techniques (discussed in Chap- 
ter II) are often incapable of even locating the presence 
of critical bentonite beds and bedding planes in the bed- 
rock. A much wider use of in-situ examination and sampling 
of the bedrock from test pits and drifts is required to 
locate zones across which failure in-situ has occurred. 

Slope flattening, in a horizontally-bedded overcon- 
solidated clay, appears undesirable from the point of view 
of slope stability as the additional shear strains induced 
across weak layers may lead to a further drop in strength 
(if the layer is not already at residual). The experience, 
of further slide activity being activated at Oahe Dam due 
to slope flattening, has been noted in Chapter II. The 
continuing creep of landslides, along a continuous failure 


surface at the residual strength, may not be due to the 
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release of stored strain energy as postulated by Bjerrum 
(1966) but may be due to a decrease in effective stress 
across the failure surface by the dissipation of excavation- 


induced low pore pressures. 


6.4 Application to Design Problems 


Earth Dam Design: The processes which accompany valley 
formation have been discussed previously. Flexural slip 
along beds and shear strain across weak layers will result 
in sizeable displacements across bedding planes and ben- 
tonite layers in the upper portion of the bedrock below the 
valley bottom. Therefore, the bedrock below the valley 
bottoms in the study area can, from theoretical considera- 
tions and the field observations detailed in Appendix B, 
be expected to have residual strengths acting along bedding 
planes and bentonite layers. The presence of these criti- 
cal layers will dictate the stability of any earth dams 
placed on the valley bottom. 

Conventional coring techniques will not usually 
detect these controlling features; therefore, excavation 
of exploratory testpits and drifts is mandatory and field 
testing on a scale greater than presently used appears 
advisable. Dam sites located on horizontally-bedded, over- 
consolidated clays in other geologic locales may have 
similar features in the upper portion of the bedrock below 


the valley bottom and this possibility should be reflected 
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in the investigation techniques adopted. 

Conservative sideslopes have been adopted for the 
design of major earthfill dams in the study area following 
the failure of Fort Peck Dam in 1938. Chapter II shows how 
subsequent designs were based on experience obtained from 
this failure or from considerations of natural slope incli- 
nation. Laboratory peak strength parameters were obtained 
but seldom used in the final design. The findings in this 
thesis appear to confirm the wisdom of this empirical pro- 
cess; the strength of the bedrock governing the stability 
of the dams and associated excavations has been reduced by 
processes associated with valley formation and design on 
the basis of peak parameters would, in all probability, 
result in failure. 

The experience gained at Mangla Dam in West Pakistan 
is relevant to the present discussion. The occurrence of 
the shear zones in the clay members of the Siwalik forma- 
tion has been discussed in Chapter V. The discovery of 
these weakened zones resulted in extensive redesign of the 
project (Binnie et al., 1967). No evidence of these zones 
were observed in the 3% years of drilling before the main 
construction contract was let. During this period some 
11,000 feet of percussion drilling (19 to 22 inch diameter) 
and 72,000 feet of small diameter rotary drilling were 
carried out for exploratory purposes (Binnie et al., 1968, 


Da 867). 
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A 600 foot long exploration adit was excavated prior 
to construction to assess the bedrock conditions in the 
future location of the diversion tunnels. Observations in 
the adit found (Binnie et al., 1968, p. 370): 

"Thin bands of soft plastic clay were found within 
harder clay strata in the adit. This material 
squeezed out slightly, and a side adit was driven 
at one point at about river level to examine it 
further. As a result of this, it was concluded 
that the softening was the result of pressure re- 
lease during excavation. Subsequent events proved 
that this conclusion was erroneous and, in fact, 
the soft clay has been identified as probably a 
shear zone in one of the lower clay beds which out- 
crops in the tailrace excavation." 

This occurrence points out the advantages of in-situ 
observations, if interpreted correctly, and the advisability 
of using laboratory tests to augment field observations as 
Shear tests, on block samples of the soft zone, would have 


revealed the low strengths acting in-situ. 


Design of Bridge Piers and Cofferdams: The presence of the 


gouge zones, noted below river bottoms in the study area, 
have a marked effect upon the design and performance of 
such engineering works as bridge piers and cofferdams. 
Harris (1971) reported that the end of construction 
settlements of the bridge piers of the James MacDonald 
bridge in Edmonton were about one inch, which was consider- 
ably more than predicted by analyses based upon the proper- 
ties of the intact rock mass. The presence of several 
gouge zones below the base of the piers would account for 


this anomalous behaviour as these zones are filled with a 
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soft, apparently remoulded, highly compressible material. 
Settlements of this magnitude are unlikely to adversely 
affect the performance of the bridge but it may prove advi- 
sable, under certain conditions, to allow for behaviour of 
this nature. 

Hendron (1971) described the occurrence of mylonite 
seams (Seams infilled with a soft, plastic clay-like mate- 
rial) which were observed in the excavations for three 
cofferdams on the Ohio river in the U.S.A. These seams 
Occurred at, or just inside, a shale-limestone contact some 
10 to 20 feet below the bedrock surface. Slickensides were 
observed in these zones in the field and laboratory shear 
tests confirmed that the strength along these features was 
at the residual. No evidence of these zones were observed 
in the investigation drilling program. 

Failure occurred at one of the sites with the coffer- 
dam moving at least 75 feet into the excavation. At the 
other sites, no failures occurred but analyses showed that 
the presence of the mylonite seams reduced the factor of 
safety to below 1.10. Clearly this is undesirable and the 
limitations of standard investigation techniques are again 


revealed. 


6.5 Summar 


The discussion in this chapter emphasizes the prac- 
tical significance of horizontal planes, at strengths well 


below the peak, below and adjacent to the river valleys in 
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the study area. The stability of engineering works such as 
earth dams and cofferdams are greatly affected by the pre- 
sence of these features. Therefore, future design of 

these structures must proceed on the assumption that weak- 
ened planes exist below the river valleys and in the valley 
walls, until such time that detailed in-situ investigation 
provides reliable data on the strengths acting across 
bedding planes and bentonite layers. 

Standard coring techniques have been shown to be 
uSually incapable of even locating the presence of features 
which control the stability of both natural slopes and 
structures founded on the bedrock of the region. Present 
investigation techniques merely give a general picture of 
the geology of a site; stability analyses based upon sam- 
ples of the rock mass appear, therefore, to be of little 
use. A vast improvement in drilling techniques or a much 
wider use of test drifts and pits appears necessary before 
meaningful stability analyses of natural and artificial 
slopes in the study area are possible. 

The data presented suggests that progressive failure 
is not a dominant mechanism of loss of strength in highly 
Overconsolidated clay which has dominant horizontal planes 
of weakness. Displacements across these layers due to 
flexural slip and stress relief appear to provide a better 


means of explaining observed behaviour. 
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CHAPTER VII 


GEOLOGICAL APPLICATIONS 


(eee et OGUGELON. 

The valley anticlines, 
valley rims discussed in this 
which can be explained by the 
of stress release and elastic 


These features are ubiquitous 


valley flexure and raised 
thesis are geological features 
application of the concepts 
behaviour of the bedrock. 


in the study area and are 


therefore of significance to such areas of geology as stra- 


tigraphic interpretation, structural geology and geomor- 


phology. A detailed analysis 


of the geologic consequences 


of river valley formation is outside the scope of this 


work, but a brief discussion will be given in this chapter 


on the effects that river valley formation in the study area 


have on stratigraphic interpretation of drilling results, 


structural geology features and geomorphological features, 


such as the drainage patterns which have developed adjacent 


to the valley wall since deglaciation. 


7.2 Local Stratigraphic Correlation of Drilling Results 


The case histories presented in Chapter III show 


that the maximum rebound of the valley bottom typically 


ranges from between 3 and 8 percent of the valley depth 


for typical postglacial valleys cut into the Cretaceous 


bedrock of the study area. Upward flexure of initially 
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horizontal beds in the valley wall is predicted by the 
finite element method and is documented in a number of the 
case histories. 

Therefore, the dip of any bedding plane measured on 
outcrops on the valley walls will not be the true bedrock 
dip of the overall region but will have been affected by 
the formation of the river valley. The change in orienta- 
tion for most sites in the study area will be minor (in the 
order of 1 or 2 degrees) although Underwood (1964) noted a 
2 to 5 degree downwards inclination of beds in the Niobrara 
chalk towards the bluffs, as has been previously discussed. 

The occurrence and magnitude of the anticlines which 
underlie the valleys of the area must be considered een 
interpreting the drilling results from a section across a 
valley. Several cases were found in the examination of the 
initial interpretation of drilling results where erroneous 
stratigraphic interpretations resulted from ignoring the 
possibility of rebound of the bedrock below the valley 
bottom. 

Figure 7.1(a) shows a simplified stratigraphic sec- 
tion from a preliminary damsite investigation. The bedrock 
at the site was mainly shale, however below the river level 
a 5 foot thick sandstone bed was encountered in all the 
testholes. The sandstone bed was encountered some 5 to 6 
feet higher in the valley bottom testholes than in the abut- 
ment testholes and the original stratigraphic section was 


interpreted as in Figure 7.1(b). 
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(C) PROBABLE STRATIGRAPHY 


FIG. 7.1 DAMSITE STRATIGRAPHY 


ap) 








; +, ae - soos - kn eae 
suave ' a | aa 
ied lear foo ome ae 
| ; | 
proven ste + aint 
sce 8 ay Me 
aTjueaRr an canuome } 
i) ee sate" 
-¢ addi 


~%, @3@ 





1 9be 


a Ln. St ree 





“Eee BLP ew’ 


svat esi O° s- 


ne » oe a. ee 
y ws Seva? a) eey tea patieepden 
whe, teverpeabhte Coe Ged! padsed-mg di 
figs a rehidemaliatncts Lawes: +, 


ia Oa _— 2 45) ee eh Cac beg 


ue y i 
any LP r) . 
a - oof A 4 pe 


t 


393 


Samples from the sandstone layer from both abutment 
and valley bottom testholes had practically identical field 
descriptions, water contents and Atterberg limits. Sand- 
stone layers are not normally satisfactory marker beds 
since they tend to pinch out over relatively small lateral 
distances. However, in view of the fact that the average 
E of the bedrock at the site was reported below 20,000 
p-s.i., a valley bottom rebound of several percent of the 
valley depth can be expected. Therefore, it would appear 
that the stratigraphic interpretation shown in Figure 7.1(c) 
is correct; some 6 feet of vertical rebound has occurred at 
this site and the sandstone layer is continuous over the 


area investigated. 


7.3 Application to Structural Geology 


The valley anticlines and valley flexure illustrate 
a structural feature which is due to stress relief and 
related to topography, is widely spread and has received 
relatively little attention in the geologic literature. 
Intensive folding, discussed previously, in a dam trench in 
the Pennine Mountains in England (Watts 1906) and below 
river valleys in the Allegheny Plateau (Ferguson, 1967) has 
been observed to result in tensile failures of the bedrock 
at the axis of the anticline. These two cases illustrate 
that jointing can occur in the bedrock due to extreme anti- 
clinal flexure of the bedrock below river valleys and arti- 


ficial excavations although the mechanism of folding, in 
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these two cases, is apparently not simple elastic rebound. 
The possibility of beds buckling under high lateral 
stress has been discussed in Chapter III. This appears a 
possible mechanism to account for the features noted in 
dam trenches in the Pennines and the Allegheny Plateau as 
well as at Portage Mountain Dam in the Rocky Mountain foot- 
hills of northeastern British Columbia. Other mechanisms 
may exist and these cases deserve further study. However, 
if the mode of formation of the features described in Chap- 
ter II is indeed buckling, then these cases provide quali- 
tative data on the presence, nature and magnitude of high 
lateral stresses whose origin would appear to be tectonic. 
The occurrence of steeply dipping joints paralleling 

valley walls has been discussed in Chapter II. It seems 
clear that these joints result from valley formation. The 
development of vertical tension cracks, adjacent to artifi- 
Cial excavations, has been documented by Kwan (1971) for 
lacustrine clay and till and by deBeer (1969) for the 
lightly overconsolidated Boom Clay in Belgium. Similar 
behaviour was observed in the Niobrara chalk by Underwood 
(1964, p. 30) at Gavins Point Dam who noted: 

A . . steep slopes were cut through chalk into 

the underlying Carlile shale. In the spillway Sta 

location where the excavation resulted in a horizon- 

tal surface of chalk overlying a deep cut in the 

shale, the chalk developed tension cracks. As 

there was no vertical displacement at these cracks 

it was believed that the cracks were due to differ- 

ential horizontal rebound between the chalk and 


the shale in which the much greater horizontal 
strain of the shale not only relieved all compression 
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in the chalk but carried it over into tension, i.e. 
‘stretching' the chalk, as it were, and forming the 
tension cracks." 

The finite element method provides a technique for 
analyzing the mode of formation of these joints. Duncan 
and Goodman (1968) noted that a tensile stress zone devel- 
oped in an excavation wall as a result of excavation into a 
homogeneous elastic mass,as is illustrated in Figure 7.2. 
Most rocks are weak in tension and failure, or opening of 
existing joints and fissures, can be expected. The magni- 
tude of the tensile stress increases with increasing values 
of K, and hence the depth to which tensile stress will 
occur increases somewhat with larger values of K.: These 
results qualitatively explain the development of tension 
failures parallel to the valley wall although extension of 
these joints to the elevation of the valley floor, as docu- 
mented by Ferguson (1967), may be due to stress concentra- 
tions at the end of the tension joint leading to a continu- 
ing propagation of the tip of the joint. 

The occurrence of 'mylonite' or 'gouge' zones, along 
bedding planes below or adjacent to river valleys in the 
study area, apparently results from interbed slip due to 
flexural folding and stress release. The presence of 
slickensided surfaces across bedding planes and bentonite 
layers appears to be an unloading phenomenon and is due to 
the processes of stress relief and rebound. 

Large displacements have occurred adjacent to the 


river valleys since valley formation and the effects of 
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FIG. 72 DEVELOPEMENT OF TENSION ZONES ADJACENT TO 
A VERTICAL CUT 
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these displacements are clearly visible in the bedrock of 
the study area. The finite element studies show that the 
presence of a horizontal layer with a low modulus results 
in stresses, and hence strains, which are concentrated 


across this layer. 


i ee! Applications to Geomorphology 


The occurrence of the raised valley rim in the study 
area provides a unique example of a landform whose occur- 
rence and size can be predicted in a general fashion by 
application of the theory of elasticity. The occurrence 
and magnitude of this feature in the field is somewhat 
irregular and reflects the many variables which exist in 
nature and cannot be included in a theoretical analysis. 
However, a study of several areas where the feature is well 
developed shows that the raised valley rim, resulting from 
the formation of a major postglacial river valley in an 
area of very low local relief, has a pronounced effect upon 
the drainage pattern which has developed immediately adja- 
cent to the valley. 

The features which develop adjacent to the main 
valley depend largely upon the magnitude of the raised rim 
and include: 

1. parallel gulleys which are generally a few hundred 
yards in length and are oriented parallel to the 
valley edge before approaching the main valley at 


right angles. 
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2. parallel tributaries which parallel the main valley 
for some distance before entering it. These fea- 
tures appear to represent a development of the ini- 
tial parallel gulleys and are often located further 
back from the valley edge. 

3. backwards drainage which occurs where the raised 
valley rim has developed te such an extent that 
drainage aleng the valley rim flows landward to a 
few main tributaries which enter the main valley at 
widely separated points, 

The type ef features developed, and hence the drain= 
age pattern which develops adjacent to the valley, appears 
te depend on the height of the raised valley rim and hence 
the elastie properties of the bedrock, the depth and width 
ef the valley and the time since valley fermatien. fn 
areas where little evidence of the raised valley rim is 
found and the feature is sporadic in eceurrence, the height 
ef the raised rim is less than about 3 feet (such as along 
the Pembina River near Entwistle, Alberta) and ne evidence 
ef parallel drainage is noted. In areas where the raised 
rim is mere continuous and ranges in height from about 3 te 
15 feet (such as aleng the Seuth Saskatchewan River up- 
stream of Medicine Hat), parallel gulleys and tributaries 
beeeme common as shown in Figure 7,3. A raised rim of 
greater magnitude (as along the Missouri River in South 
Dakota) leads to the development of backward drainage 


(Crandell, 1958). 
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PARALLEL DRAINAGE FEATURES NEAR REDCLIFF, ALBERTA 
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The sequence of formation of these features is shown 
in Figure 7.4. Valley downcutting at the end of the Pleis- 
tocene results in initial undrained rebound which forms a 
rather small raised rim. In certain cases where the valley 
is deep and the undrained modulus is relatively low, as in 
the Pierre shale along the Missouri river, the raised rim 
was sufficiently high to cause runoff to flow landward thus 
forming a backward drainage system. In cases where the 
valley was shallower or the undrained modulus higher, a 
smaller raised rim resulted and was breached in places by 
ponded meltwater. Rapid downcutting formed a gulley, per- 
pendicular to the main valley, through the raised rim and 
erosion in the trough, formed parallel to and behind the 
raised rim for high values of v, resulted in the formation 
of parallel gulleys and parallel tributaries. 

A study of airphotos of the area shows that a number 
of the bedrock formations are considerably more susceptible 
to erosion by running water than the overburden. Removal 
of the overburden leads to rapid formation of deeply in- 
cised tributary valleys and badland topography in formations 
such as the lower Edmonton and Bearpaw. The parallel gul- 
leys appear to occur mainly in the glacial deposits capping 
bedrock as soon after the bottom of the gulley reaches the 
bedrock, rapid erosion and slumping produces a system of 
parallel tributaries extending some distance back from the 
Main valley. Rebound occurs adjacent to these tributaries 


and, as along Michichi Creek near Drumheller, Alberta, a 
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secondary system of parallel drainage forms as shown in 
Figure 7.5. Michichi Creek parallels the valley of the Red 
Deer River for some distance before entering it and secon- 
dary parallel tributaries and gulleys have formed parallel 
to Michichi Creek, indicating that the entire tributary 
system in this area is formed as a function of the events 
resulting from valley bottom rebound. 

The Occurrence of the features previously described 
is strongly dependent upon initial topographic relief. A 
number of the damsites described in Chapter III show no 
evidence of a raised valley rim although the occurrence of 
valley bottom rebound and consequent valley flexure is well 
documented. In certain cases, such as Carvel Damsite and 
Boundary Dam, postglacial erosion has removed all evidence 
of the effect while at other sites, such as Hairy Hill Dam- 
site, high topographic relief in the area has suppressed 
all evidence of this feature. 

Evidence of these valley edge features has been 
noted along many of the major river systems in the Province 
of Alberta and its occurrence along the Missouri River is 
well documented (Crandell, 1958). Raised valley rims 
doubtless occur elsewhere and serve as a visible indicator 
of the amount of valley bottom rebound which has occurred. 

A second type of landform which are apparently 
influenced by rebound of the valley bottom are backwater 
swamps and sloughs which have been observed on high level 


terraces, now well above river level. These features are 
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normally ascribed to formation of natural levees along the 
edge of the main river channel. However, rapid downcutting 
of the river would lead to rebound resulting in a rise of 
the river edge of the terrace as shown in Figure 7.6 and 

it would appear that this mechanism would assist in the 
formation of features of this type which have been noted 


along the Athabasca and North Saskatchewan Rivers in Alberta. 
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MISCELLANEOUS GEOLOGIC SECTIONS 
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A number of geologic sections gathered showed insuf- 
ficient evidence of rebound to allow any estimate to be 
made of the amount of rebound which has occurred below the 
valley bottom. In some cases, however, some indications of 
rebound exist. These cases are included in this Appendix 
to provide information on sites where lack of sufficient 
drilling to define the amount of rebound which occurs or 
where insufficient lateral continuity of beds exists to 


allow correlation of strata between testholes. 


1. Damsites in Alberta: Drilling records of seven damsites 
located in western Alberta, where the bedrock is the 
Tertiary Paskapoo formation, were studied. Six of these 
sites, as shown in Table A.1,showed such variation in bed- 
ding that no correlation of strata across a valley section 
was possible. The exception was Rocky Mountain House, 
Damsite A which has been previously discussed in Chapter III. 

A typical stratigraphic centerline for a damsite in 
the Paskapoo formation is shown in Figure A-l. Horseguard 
Damsite is located approximately 10 miles southeast of 
Rocky Mountain House, Alberta (A.W.R., 1969b). No marker 
beds occur in the bedrock and a rapid and erratic variation 
between sandstone and shale occurs reflecting the continental 
depositional environment of this formation. 

Two damsites located further east in the Edmonton 
formation showed some evidence of rebound, however, the 


absence of marker beds immediately below the valley bottom 
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precluded their use as case histories. Paddle River 
Damsite (P.F.R.A., 1965b) is located on the Paddle River 
about 80 miles northwest of Edmonton. Some 60 feet of 
alluvium and interglacial deposits have infilled the valley 
bottom. Insufficient drilling was done on the abutments 

to show evidence of valley flexure and the valley bottom 
testholes penetrated only the upper 20 feet of the bedrock 
below the valley where no marker beds were encountered. 

An apparent correlation of thin shale and sandstone beds 
shows about 3 feet of rebound has occurred below the 100 
foot deep valley; this figure must be regarded as tentative 
due to the absence of a reliable stratigraphic correlation. 

A similar situation exists at the Tomahawk Damsite 
(P.F.R.A., 1969c) located on the North Saskatchewan River 
about 10 miles downstream of Drayton Valley, Alberta. No 
marker beds occur immediately below river level although a 
tentative correlation of shale and sandstone layers indicates 
a rebound of some 6 to 8 feet has occurred below the 220 
foot deep valley. 

Horizontal separation of bedding planes between 
different bedrock units occurred repeatedly in the core at 
Tomahawk as at the Carvel and Hairy Hill sites as discussed 
in Chapter II. A general correlation of drilling-water 
losses and the degree of weathering of the fractures in the 
core was noted. High water losses occurred in testholes 


adjacent to the abutments where the core was badly weathered 
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TABLE A.1l 


ALBERTA DAMSITES IN THE PASKAPOO FORMATION 
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Source 
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Horseguard Creek 
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east of Rocky 
Mountain House 
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east of Edson 


McLeod River 15 
miles upstream 
of Whitecourt 


Athabasca River 
at Oldman Creek, 
40 miles down- 
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ficientrdralling 


Insufficient 
drilling 


No correlation 
of beds 
possible 


A.W.R. 


A.W.R. 


A.W.R. 


A.W.R. 


A.W. R. 


A.W.R. 


ieceeeprensedieedianielteedeieteceeeecadlde ail anesthe TT A ee 
ciate eee cao serena iaimespceemmcemsliiipiie tf ga 


MOTTAMAOT OOTANZAT aHnT ut 2aTtar 


—_ ——E———— nel 
A 














atnsmnod 


oAsW.A qoL 
~tazoq ebsd: 
biqsy OF § 
epnsdo apaeaes 
pnibb ed ms 


SS 


AWA lau tne 91sagA4 
“woled ebad to 
‘oviy 


noisalet3z0o oO 
ebed. to 
eldreroqg 


-A.W.A 


noOLIBLSTIOD ou 
‘ebsd to 
slidic 


-A.LW.A 


rortsis116> Of 
2asd ito 

-tuenkt ,sidiezeg 
pniilixb tasiofi 


A.W.A 


snsiottiwant 
przitiab 


A.W.A 


nolttsis 


oo 
. wpe’ eae -., 


2Oq ° 


owt 


se ——— se 


qe ied anive ae [ ia 







































Z 


i.& SAAT 


efit to moksonvt' 2 

brs tstewiseld | 

aswedossdase dgz0u * 

aoitm @ ,ereviad S47 

yASoR aS sree 4 

seuoH nistavom Pye 

-tetease Aist10u A oak = 

Of revit aswedo ay 
mseijenwoh eolim 
“=gAooA To 

98 NOH nissnyoM ae he 

a =e vt - 

Ad a te eb ie 


de wits : 


Aaetd busvyos 10H 
~djuyoe eelim of 
yHIoon 0 389 
‘sevow aistasom 


$I sovka boedom’ 
~ds10n aolim 
moaba 10 jes 


er: avin BoedoM 
msettequ selim — 
dugocesidw to 


tevia goesdsisA 

: , 932 msmblo 38 : 
Ry gered 

 nosant ‘XO Ms sie i 

are on x . £, 


eran none 2 

7 a betes? 
wt ble iy eee A 
bee phn 
2 2 (are en ses 


iM OL? Pa 6 » ae 
are ; 
7% 


nw * 


= es 
ui 


" ° “4 


A-4 


while in testhole RD7, located about 1500 feet back from 
the valley edge, only negligible water losses were reported 
and the core from this hole showed little evidence of 
weathering. 

A series of borings were done in downtown Edmonton 
for a new bridge across the North Saskatchewan River 
immediately downstream of the existing 105th Street bridge. 
A stratigraphic section, courtesy of R.M. Hardy and Asso- 
Ciates Ltd., is shown in Figure A.2. A relatively sharp 
upwarping of the beds under the south bank of the river 
channel is apparent. 

Cameron Damsite Number 2 is located in east-central 
Alberta on Sounding Creek some 6 miles northeast of Youngs- 
town. The entire centerline geologic section is given in 
Figure A.3. The bedrock is the Bearpaw formation (P.F.R.A., 
19595)’. 

No marker beds are present but an anomalous rise of 
sandstone in the lower portion of the valley bottom test- 
holes occurs. No evidence of the sandstone is found below 
the left abutment and left toe-of-slope. Thus, if the 
sandstone bed shown in the valley bottom testholes was 
initially flat-lying and continuous, some 4 feet of rebound 
must have occurred below this 40 foot deep valley. However, 
insufficient drilling has been done on this site to prove 
this point and the variation in bed contact elevation may 


be a depositional feature. 
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No correlation of beds was possible at Waterton Dam 
On the Waterton River in south-western Alberta (P.F.R.A., 
1958) due to the absence of marker beds. 

Data on the 19th Baseline Damsite on the Smokey 
River in northwestern Alberta, provided by R.M. Hardy and 
Associates Ltd., revealed no direct evidence of rebound 
due to absence of marker beds in the Wapiti formation. 

The site is located about 3 miles north of the 
Highway 34 bridge across the Smokey River east of Grande 
Prairie, Alberta. The valley is about 500 feet deep and 1 
Mile across. The bedrock has a relatively low modulus of 
elasticity ranging from 3000 p.s.i. to 13,000 p.s.i. in 
consolidated-undrained triaxial tests. From the data 
presented in Chapter III it would appear that a relatively 
large amount of rebound should have occurred at this site 
although direct geologic evidence is not available. 

Indirect evidence of the occurrence of rebound is 
present in the moisture-content profile shown in Figure A.4. 
Moisture contents were taken at six inch intervals and show 
a marked increase in moisture content at, or near, unit 
contacts as far down as 100 feet below river level. This 
increase in moisture content appears to be due to interbed 


slip due to folding associated with rebound. 


2.  Damsites In Saskatchewan: Damsites located in Saskat- 
Damsites in saskatcicwse 


chewan where no evidence of rebound was observed were the 
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Belanger Creek Damsite in southwestern Saskatchewan (P.F.R.A, 
1970a) and the Rafferty Damsite located on the Souris River 
in southeastern Saskatchewan (P.F.R.A., 1969d). Only a 
preliminary drilling program has been conducted on these 

two sites and insufficient drilling exists to detail the 
stratigraphy. 

The South Saskatchewan River Dam (Gardiner Dam) has 
been discussed in Chapter II. No marker beds occur in the 
Bearpaw formation at this site and no evidence on the amount 
of rebound can be directly obtained. Observations made by 
Allan (1949) in the testdrift on the west side of the river 
have been previously discussed in Chapter III. The rise in 
what Allan termed "failure surfaces" towards the portal of 
the drift could reflect an upwarping of initially horizontal 
weak bentonitic layers along which slides or differential 
movements subsequently developed. This point is hypothetical 
and no direct measurement of the amount of rebound at this 


site is available. 


3. Damsites In The United States: Three of the main dams 
on the Missouri River, Fort Peck, Garrison and Oahe, show 
definite indications of large amounts rebound which have 
occurred below the valley bottom. A fourth main dam on the 
Missouri, Gavins Point, is located about 6 miles upstream 
of Yankton, South Dakota. The bedrock at the site is the 


Niobrara Chalk overlying the Carlile shale (U.S.C.E., 1949). 
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Figure A.5 shows the location of several geologic 
sections through the right abutment of this dam. Figures 
A.6 and A.7 give these sections. A rise of 5 to 10 feet in 
the contact between the Niobrara chalk and the Carlile 
shale occurs as the contact is traced out from under the 
abutment. No equivalent sections are available for the 
left abutment at this site. 

Unconfined tests gave an average unconfined compres- 
Sive strength of 750 p.s.i. for the Niobrara chalk and 240 
p.S.i. for the Carlile shale. The modulus of elasticity 
from these tests averaged 112,000 p.s.i. for the Niobrara 
chalk and 20,000 p.s.i. for the Carlile shale. 

Profiles of nine damsites, located in Kansas and 
Missouri, which were investigated by the U.S. Army Corps 
of Engineers, Missouri River Division, were studied and 
are summarized in Table A.2. At two of the sites, Smith- 
ville (discussed in Chapter III) and Pomona, a gentle anti- 
cline occurs below the valley bottom. However, at several 
of the sites, Milford and Onega Lake Site 4, the bedrock 
is flat-lying and no evidence of rebound can be observed. 
The bedrock at most of these nine sites is interbedded 
shale and limestone of Permian to Pennsylvanian age. At 
several sites,where the bedrock is limestone, an anomalous 
folding and brecciation occurs in the bedrock. These 


features may be depositional in origin or due to tectonic 


stresses. 
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TABLE A.2 


DAMSITES INVESTIGATED BY THE U.S. ARMY CORPS OF ENGINEERS 


IN KANSAS AND MISSOURI, SOUTH OF THE STUDY AREA 











Reliability 
: of. Strari= Structure 
Dam Site Bedrock graphic In- Visible 
terpretation 

1. Smithville Interbedded Good Gentle anticline 
ieee. , limestone below valley 
1969b) and shale 

2-6 Milford Interbedded Good flat Lying, no 
Mies. Gale) shale and uplift visible 
1961) limestone 

33 Stockton Limestone Fair Anomalous rolls in 
sis Caries, bedrock below left 
1962) abutment 

4. Kaysinger Bluff Dolomite Good Local folds and 
Wile oe Cie Ene; breccia 
1969a) 

5. Pomona Interbedded Fair Gentle anticline 
feo. Cen. , shale and below valley, 
1954) limestones apparently 20 ft. 

of rebound 

6. Tuttle Creek Interbedded Fair Gentle anticline 
(UToecsh. > shale and below valley, 
1956) limestone apparently 20 ft. 

of rebound 

7. Pomme de Terre Dolomite Fair Anomalous down- 
EN 5 (ois Bae. warping below 
1957) left abutment 

8. Omega Lake Interbedded Fair Fiat Lying, no 
Site 4 limestone uplift visible 
[Uvoecens 7 and shale 
1970) 

9. Omega Lake Interbedded Pair Apparent up- 
Site l limestone warping in right 


(U.S.C.E., 
1970) 


and shale 
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An example of these unusual features occurs at Kay- 
singer Bluff Damsite on the Osage River about 1% miles north 
of Warsaw, Missouri (U.S.C.E., 1963a). The river valley at 
the site is about 200 feet deep and 5000 feet wide. Bed- 
rock at the site is a moderately hard, finely crystalline 
dolomite limestone of the Cotter-Jefferson City formation 
(Ordovician). The stratigraphy of the site has been 
mapped by dividing the bedrock at the site into 26 litho- 
logic units. 

The regional dip of the bedrock is in the order of 
20 feet per mile to the west-northwest. No major faulting 
Or bedrock anomalies are described in the geologic litera- 
ture of the area. However, the drilling program revealed 
two extensive breccia zones and minor folding under the 
valley bottom. Figure A.8 shows the contours drawn on a 
distinctive and persistent contact between units 18 and 19 
in the bedrock sequence at the site. Several folds with a 
magnitude of 5 to 10 feet occur except in the right abutment 
where a rise of some 35 feet over a horizontal distance of 
700 feet occurs. A fault was noted in one of the borings 
in this section of the profile. The existence of two other 
faults was inferred from the behaviour of the 18-19 unit 
contact as shown in Figure A-9. 

Extensive breccia zones were found below the left 
and right abutments. These zones consist of hard angular 


rock fragments enclosed in a softer shale matrix. Breccia 


Q-A vis = 2% sy 
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in these zones contained zones of very soft clay, slicken- 
Sides and numerous fractures. In addition, borings outside 
the major breccia zones showed a bedding-plane breccia, 
generally less than 1 foot in thickness, which was considered 
to be due to minor faulting or solutioning along bedding 
planes. 

In view of the nature of the rocks at this site, it 
would appear that they exhibit a high modulus of elasticity. 
Therefore the amount of elastic rebound due to valley 
formation would be a fraction of one percent of the valley 
depth and it appears that stress relief could not explain 
the folds and breccia zones existing at this site. It is 
striking, however, to note that the two breccia zones 
occur below the abutments, a point where change in dip due 
to elastic rebound would be a maximum. Stress concentra- 
tion due to valley formation would be a maximum at these 
points and the breccia zones discussed could be due to 
failure and plastic deformation of the weaker members of 
the bedrock. The presence of breccia along bedding-planes 
may be due to differential movements between beds. 

The site is located on the northwest side of the 
long elliptical bedrock dome of the Ozark Plateau which 
has its long axis extending northeast-southwest. It appears 
possible the features illustrated could be due to high 
tectonic lateral stresses. It is interesting to note some- 


what similar disturbance to the bedrock below valleys in 
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areas which are, or have been, engaged in mountain building - 
the Pennines, the Allegheny Plateau and the foothills of the 


Rocky Mountains. 
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APPENDIX B 


GEOLOGICAL OBSERVATIONS AT THE JAMES MACDONALD AND 


BEVERLY BRIDGES, EDMONTON, ALBERTA 
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1. Introduction: During 1970-71 two bridges were con- 
structed across the North Saskatchewan River in Edmonton, 
Alberta. The James MacDonald bridge was constructed across 
the river in downtown Edmonton immediately upstream of the 
existing Low Level bridge. The Beverly bridge is located 
about 200 yards upstream of the existing Highway 16 bridge 
in eastern Edmonton. 

A few feet of alluvium overlie bedrock of the 
Edmonton formation (Upper Cretaceous) below the North 
Saskatchewan River in the Edmonton area. The bridge pier 
excavations were excavated from 7 to 14 feet into the bed- 
rock below the bedrock surface and provided an excellent 
Opportunity to view the bedrock below the river channel. 
One pier excavation was inspected at the James MacDonald 
bridge and three pier excavations and the west abutment 


excavation were inspected at the Beverly bridge. 


2. Observations at the James MacDonald Bridge: Pier num- 


ber 5, the east pier at the site, was excavated on October 7 
and 8, 1970. The location of the site and the stratigraphic 
section across the channel are given in Chapter III of this 
thesis. .The pier is located about 100 feet out into the 
channel from the east bank of the river. The pier excava- 
tion was carried out in two stages from inside an earth 
cofferdam. First, the alluvium and top few inches of bed- 


rock was stripped from the base of the proposed pier. Then 
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two circular excavations about 25 feet in diameter were 
made using a backhoe and dragline some 14 feet into bed- 
rock. The rock was easily excavated and appeared to sepa- 
rate along pre-existing joints and fractures; very little 
disturbance to rock adjacent to the excavation appeared to 
result from the excavation procedure. 

The sides and bottom of the pit were trimmed by hand 
using clay spades. Some two hours normally elapsed during 
this phase of the operation during which the rock on the 
walls of the excavation could be inspected and photographed. 
All strikes recorded are referenced to magnetic north; the 
declination of the magnetic north pole is about 23 degrees 
east in the Edmonton area. Values of rock hardness observed 
are referenced to the Panama Hardness Scale given in Table 
Bee 
(a) Observations in the south excavation: The south pit 
was excavated on October 7, 1971. The stratigraphy of the 
south wall of the pit is shown in Figure B.1. About 2 
feet of alluvium overlay 6 feet of dark grey shale. Below 
the shale about 1.5 feet of fractured black carbonaceous 
shale forms a marker bed which was observed to dip at 
about 3 degrees to the northeast. Below the coal 2.7 feet 
of grey-green siltstone overlay 3.0 feet of grey, medium to 
coarse-grained sandstone. At the bottom of the excavation 
0.6 feet of grey-green siltstone was visible. A view of 


the south face of this excavation is shown in Plate B.1l. 
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The upper shale was fractured into blocks by three 
joint sets. The dominant set of joints occurred along 
horizontal bedding planes and were spaced at between 2 and 
6 inches. Two steeply dipping joints striked at about 
N38° and N30° W. A sketch of the fracture pattern observed 
on the south edge of the pit is shown in Figure B.2. 

The carbonaceous shale unit was badly fractured by 
predominantly horizontal joints at a 1 to 2 inch spacing. 
These joints were opened and provided most of the seepage 
into the excavation. 

The siltstone below the carbonaceous shale was badly 
fractured on a 2 to 4 inch spacing. The upper 6 inches of 
the siltstone was very soft and pieces could be easily cut 
with a knife. The carbonaceous shale-siltstone contact 
was along an open softened joint in which a knife blade 3 
inches long could be driven under very little pressure. The 
siltstone for about \ inch below the contact was observed 
to be very soft and apparently disturbed. 

A slickensided, polished surface was noted 1.3 feet 
above the bottom of the siltstone unit as shown in Plate 
B.2. The strike of this surface was N75°W and the dip was 
13° to the north. A knife blade could be easily driven 
into this fissure, along the slickensided surface, for 
several inches. 

The upper 0.9 feet of the sandstone unit had hori- 


zontal joints spaced at % to 1 inch and was softer than 
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the lower portion of the sandstone. Several of these 
joints were open. The lower portion of the sandstone was 
intact with an occasional random joint. The 0.9 feet of 
rock visible below the base of the sandstone was hard and 
intact with an occasional random joint. 

Seepage into the excavation appeared to be about 10 
to 20 gallons per minute. Most of the seepage came from 
open joints in the carbonaceous shale and upper shale unit. 

No detailed observations were made on the joints in 
the bedrock; however, it appeared the upper 10 feet of the 
bedrock had been disturbed by horizontal movement due to 
the presence of soft, open horizontal joints and the gen- 
erally softer and more disturbed nature of the bedrock 
compared to the bottom 3 feet of sandstone and shale vis- 
ible. The disturbed and badly fractured condition of the 
carbonaceous shale, siltstone and upper sandstone was 
anomalous as the top 6.2 feet of shale appeared hard and 
undisturbed despite the well developed jointing system 
previously described. 

The softened joint in the sandstone unit defining 
the bottom of the apparent disturbance in the bedrock could 
be traced for about 10 feet along the south face of the 
pit; no attempt was made to follow this joint along the 
rest of the excavation periphery. 

(b) Observations in the north excavation: The north exca- 


vation of pier 5 was. inspected on October 8, 1970. The pit 
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dimensions and method of excavation were identical to the 
south excavation visited the previous day. 

The stratigraphy exposed on the northwest side of 
the excavation is shown in Figure B.3. The stratigraphic 
sequence observed was very similar to that detailed in the 
south pit some 50 feet to the south. About 2 feet of 
alluvial gravels overlay 4.7 feet of dark grey shale. 

Below the shale 1.5 feet of black carbonaceous shale overlay 
4.0 feet of medium grey sandstone. At the bottom of the 
excavation,1.4 feet of dark grey siltstone was visible. 

The beds were observed to dip to the east~-northeast at 

about 2 to 3 degrees. 

The upper shale zone showed a prominent set of hori- 
zontal joints developed along bedding planes at 3 to 12 
inch spacing. Two sets of near vertical joints occurred. 
On the northwest side of the excavation these joints strike 
at N70° Ww and N40° E. On the southeast corner of the 
excavation the joints were observed to strike at N20° W ana 
N60° E and dip g0° w and 85° N respectively. 

The horizontal joints in this unit were often charac- 
terized by a clay layer along the joints which consisted of 
1/8 to 1/4 inch of soft, plastic clay which had a pocket 
penetrometer strength of about 0.5 t.s.f. and a moisture 
content slightly in excess of the plastic limit. These 
layers did not appear to be a depositional feature but due 
to differential horizontal movements between the shale 


units and were therefore termed gouge zones. 
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The upper portion of the shale unit was observed to 
have a 'nugget' structure and could be Spl. teh CO ace 
inch pieces under moderate finger pressure along smooth, 
fresh, curved surfaces. This structure was present in the 
lower siltstone unit although not nearly as well defined. 

The carbonaceous shale unit was highly fractured 
along predominantly horizontal bedding planes at 1 to 2 
inch spacing. Joints occurred at other orientations but 
were continuous over several feet only. Vertical joints 
in this unit were not well pronounced and terminated on 
horizontal bedding plane anita 

The sandstone unit below the carbonaceous shale had 
a softened horizontal joint 1/2 to 3/4 inch wide located 
1.9 feet below the top of the sandstone. Above this joint 
the sandstone appeared to be somewhat softened and disturbed 
as shown in Plate B.4. A few thin, poorly defined, tight 
near-vertical joints occur in the bottom section of the 
Sandstone unit. These joints were difficult to trace over 
more than 1 or 2 feet. 

The softened joint in the sandstone unit could be 
traced over the entire periphery of the pit. Pocket penet- 
rometer readings on this layer varied from 2.5 to 3.5 t.s.f. 
while the sandstone either side had an estimated strength 
of more than 45 t.s.f. 

The lower siltstone unit was hard with an occasional 


horizontal or steeply dipping joint. A thin gauge zone 1/8 
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inch thick occurred in this unit just above the excavation 
floor. 

Seepage into the excavation was estimated at 5 to 10 
gallons per minute with most of the seepage occurring 
through the badly fractured carbonaceous shale and along 
the top of the sandstone. Most of the joints in the 
upper shale were dry. 

The disturbed and heavily jointed nature of the 
upper 8 feet of bedrock in this excavation indicated in- 
creasing movement of the bedrock with elevation. The soft 
horizontal clay-filled gouge zones were interpreted as 
field evidence of horizontal displacement across bedding 
planes. No measurement of joint offsets was possible as 
no unique set of vertical joints could be traced from one 


unit to the next. 


3. Observations in the Pier Excavations at the Beverly 
Bridge: The Beverly bridge site is located in eastern 


Edmonton about 500 feet upstream of the existing Clover 
Bar bridge which carries Highway 16 across the North 
Saskatchewan River. The river valley is approximately 

140 feet deep and 1400 feet wide at this point. The river 
flows in a 700 foot wide channel against the west valley 
wall which shows evidence of near-surface slumping and has 


a natural slope of about 2:1. 
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Four piers were constructed for the Beverly bridge 
and are numbered from 1 to 4 from west to east. The site 
was visited periodically from July to October 1971 and ob- 
servations on the bedrock were made in three of the pier 


excavations and the west abutment excavation. 


(a) Pier 4 Excavation: Pier 4 is located near the east 

bank of the river channel and was the first pier constructed 
on the project. The pier excavation was made on August 4, 
1971 and consisted of a pit approximately 60 feet long and 
30 feet wide cut about 14 feet into the bedrock. 

The stratigraphy exposed is shown in Figure B.4 and 
consists of 6 inches of soft, weathered, badly fractured 
coal overlying 1 foot of soft, fractured grey shale. The 
underlying bedrock consisted of 12 feet of medium grey, 
fine-grained sandstone. A dip to the east of about 3 degrees 
was visible. Prominent horizontal joints were observed 
developed along bedding planes spaced at 1 to 2 feet inter- 
vals and 2 sets of steeply dipping joints occurred which ran 
from one bedding plane to another. The vertical joints had 
smooth, slightly irregular surfaces and were tightly closed; 
a knife blade could not be pushed into them. 

A number of the horizontal joints were characterized 
by softened gouge zones. On the northeast face of the ex- 
cavation four of these zones occurred in the sandstone unit 


which could be traced over 10 feet along the excavation 
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wall. These zones were similar to those noted previously 
at the James MacDonald bridge and consisted of about 
inch of soft plastic clay-like material which could be 
easily removed with the finger. The gouge at this site 
contained a fairly high proportion of sand and silt sized 
particles as it was gritty to the taste. Again, as at the 
other bridge, these zones did not appear to be a depositional 
feature. 

On the west wall of the excavation a typical set of 
steeply-dipping joints had a strike of N45° w and N43° E 


and a dip of 88° E and 81° w respectively. 


(b) Pier 1 Excavation: Pier 1 was the second pier con- 
structed on this project and was inspected on August 30, 
1971, several days after the concrete pier base had been 
poured, so that only the top few feet of bedrock was 
visible. Pier 1 is located near the toe of slope of the 
west valley wall. 

The toe of a slide mass in the valley wall was 
exposed on the south (upstream) side of the excavation as 
shown in Plate B.5. The slide mass apparently moved out 
horizontally along the top of a black carbonaceous-shale 
bed some 5 feet below the riverbed and then rose up to the 
riverbed about 30 feet out from the toe of slope. Seepage 
along the failure surface and extensive brecciation of the 


bedrock immediately adjacent to the failure surface was noted. 
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The bedrock exposed on the west side of the excava- 
tion is shown in Figure B.5. The failure surface of the 
slide apparently lies some 4 feet above the base of this 
section and extensive brecciation of the bedrock results 
for some 18 inches below the base of the slide. Plate B.6 
shows the intensive brecciation of the bedrock immediately 
below the failure surface on the east side of the excavation. 

The effect of lateral stress relief due to excavation 
were visible along the west wall of the pit in the black 
carbonaceous shale unit. Blocks of carbonaceous shale were 
observed to have moved out along bedding plane joints from 
% to % inch towards the excavation as shown in Plate B.7. 

Two steeply dipping joint sets occurred in the car- 
bonaceous shale along with horizontal joints. The vertical 
joint set had strikes of N35° E and N48° w and dips of 
close to 90 degrees. 

Seepage into the excavation was about 10 gallons 
per minute mainly from the south and southwest walls of 
the excavation along the slide failure surface. A slicken- 
sided surface was noted on the bottom of the bentonite seam 
below the carbonaceous shale unit on the west wall of the 
excavation. 

A marked dip to the west occurs in the beds at this 
spot. The top of the carbonaceous shale outcropped at ele- 
vation 1995.3 (geodetic) on the east side of the pit while 


on the west side, over a distance of 40.2 feet horizontally, 


the outcrop elevation was 1994.5. 
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(c) Pier 2 Excavation: The excavation for pier 2 was 
inspected on September 8, 1971. The stratigraphy exposed 
and features observed in this excavation have been dis- 
cussed in Chapter III. 

A detailed inspection of the lower gouge zone in 
the southeast corner of the pit showed two thin clayey 
zones separated by a % inch thick layer of brecciated 
sandstone. A minor amount of seepage was noted occurring 
from this lower gouge zone. A general view of the excava- 


tion is given in Plate B.8. 


(d) Pier 3 Excavation: The pier 3 excavation was inspected 
on October 19, 1971. The stratigraphy exposed is shown in 
Figure B.6 and consists of 0.6 feet of black coal fractured 
into 1 to 2 inch pieces immediately underlying the riverbed 
alluvium. Below the coal 3.2 feet of grey, moderately 
fractured siltstone overlay 6.3 feet of light grey, fine 
grained sandstone. A softened gouge zone occurred at the 
siltstone-sandstone contact and five more gouge zones were 
observed in the sandstone on the east face of the excavation. 

A block sample was removed from the east wall with 
its upper surface forming the bottom of one of the gouge 
zones. No slickensides were observed in the field but, 
after drying in the laboratory, a distinct polish was 


observed on the sandstone - gouge zone contact. 
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4. Observations in the West Abutment Excavation, Beverly 
Bridge: An excavation some 40 feet long, 50 feet wide 


and 10 feet deep was made into the bedrock for the west 
abutment of the bridge. The excavation was first visited 
on July 27, 1971 and several subsequent visits were made 
to record further observations as construction progressed. 
Previous to the pier excavation some 30 feet of overburden 
had been removed by the construction of an approach cut to 
the bridge site. 

A view of the north wall of the excavation is shown 
in Plate B.9 and a field sketch of the bedrock exposed is 
shown in Figure B.7. The failure surface of an apparently 
recent landslide is visible in the excavation near the 
valley wall as is evidence of faulting and a fossil land- 
Slide apparently dating back to the time of valley formation. 
Evidence of bedrock disturbance extends for about 15 feet 
back from the present valley wall. 

The geology exposed on the south wall of the excava- 
tion, 50 feet to the south of the section previously dis- 
cussed, is markedly different as shown in Figure B.8 and 
Plates B.10 and B.11. A block of dark-brown shale has 
apparently been upthrust immediately adjacent to the valley 
edge. 

A sharply defined 2 to 3 inch thick bentonite bed 
was exposed near the base of the south side of the excava- 


tion. A well developed downward "smear" of bentonite 
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marked the intersection of the bentonite layer with a fossil 
near-surface landslide as shown in Figure B.8 and Plate B.12. 
The occurrence of bentonite being displaced along a slide 
failure surface has been noted previously in the Cretaceous 
bedrock of the study area (Thomson and Matheson, 1970b). 

A similar downdragging of the bentonite layer was noted on 
the rear of the shale block, as shown in Figure B.8, thus 
indicating this graben-like feature was formed by differen- 
tial vertical movement. 

Slope-flattening work during August and September 
showed several interesting features. Flattening of the 
slope immediately below the abutment excavation revealed 
the failure surface of the landslide along some of the 
slope as shown in Figure B.9. Down-dragging of coal from 
a 2 foot thick coal seam located about 3/4 of the way up 
the slope was revealed showing powdered coal included in 
the failure surface for greater than 20 feet below the 
outcrop elevation. 

A block sample was cut from the bentonite layer on 
the south face of the excavation about 6 feet back from the 
slide scarp. A detailed examination of the block sample 
was made in the laboratory as will be detailed in the next 
section of this appendix. The site was visited on October 
19, 1971 and a close examination was made of the bentonite 
seam exposed on the north face of the excavation some 6 


feet back from the failure scarp. The bentonite had dried 
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and two well developed, smooth, flat, slickensided surfaces 
were Observed with the slickensides and striae pointing 
east-west towards the river. These surfaces occurred at 
the top and bottom contacts of the bentonite layer. 
A survey of airphotos showed no signs of slide 
activity or disturbance of the ground surface back from 
the valley edge. The disturbance in the abutment excava- 
tion is obvious from the data presented and three mechanisms 
appear probable. 
1. The disturbance is due to the near-surface landslide 
activity developed along the valley wall. 
2. The disturbance is due to stress relief associated 
with valley formation. 
3. The disturbance is due to coal mining activity and 
caving of mine workings located back from the river 


bank. 


The observations made in Pier 1 indicate that brec- 
ciation and disturbance of the bedrock occurs for a dis- 
tance of about 18 inches from the failure surface. It 
would appear unlikely that the slide activity would cause 
the faulting noted in the bedrock for over 6 feet back from 
the failure surface. 

The disturbance of the beds may be due to valley 
formation. The features noted on the north side of the 


excavation are step-faults and appear to roughly parallel 
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the existing valley wall. These features may have initially 
been tension fractures although the downward movement 
towards the valley cannot be explained by this single 
mechanism. It is of interest to compare these features 
with the step-faults, detailed by Sandeman (1918) at the 
Derwent Dam, which have been discussed in Chapter III. 
Numerous coal mines have been worked along the 
North Saskatchewan River and examples of subsidence are 
given by Taylor (1971). At the site of the Beverly bridge, 
mine workings are shown to be continuous along both sides 
of the river (Taylor, 1971, p. 19-20) with mine workings 
extending back over 5 mile from the valley's edge. The 
west abutment of the Beverly bridge falls close to the 
intersection of two mines - number 1167 abandoned in 1942 
and number 9 abandoned in 1923 - and reference is made to 
Old workings found in drift entries along the river bank. 
Caving of mine workings located some distance in 
from the valley wall would explain the anomalous features 
noted on the south abutment excavation wall with the dark 
brown shale mass being intact rock with the material land- 
ward of it having subsided. The north face of the excava- 
tion would then presumably be intact bedrock and not under- 


lain by caved mine workings. 


5. Observations on Block Sample, Beverly Bridge: Previous 


to cutting the block sample from the bentonite layer on the 


ei-d 



























yilsitini over yam zonutse? eset? 1 
tromevom biswawob 9d¢ dpuodsis eeu 
sipmie aids yd pentetens ed tonnso yst 

eerrtsel saedt sisgmeD oF soermipe to abst nd 4 i 
eit te (811) nemebase yd pokisdeb .atiust-qoe (94 ue ane ) 
_Ili setqsdd at beeevoe tS mead eved dotdw / 
93 pnols bextow seed event eentm Iso 


sts somebiadpe Yo asiqmsxe Bas asvid newer 


“y 
7 


uty 2 





,Sebixd ylyeved srs to stie odd a . (1Fe@L). 
sobie dtod pnois avoyntsaoa ed od aworle oxs epnititiow ¢ in 


ioe 


apritrow stim ddiw (OSL .q .ieL ,xolysT) xevix | 13. 


; 7 
Vw 7 ms 


off .apbs a'yelisv sis mox2 elim # sevo Aosd fF 
ais ot seolo efist epbhixd ylzeved sag to 3 
gael ot Bbonobasds Vali zasdmun - eenim owt 20 10 
o¢ obsm 2t gonetetet base ~,€6e0 ak saenenani. 
_jasd tevix edd paods asdtdoe J2izb at ‘payor | 

nt sonsteib emoz bexsgol sueitsow snim to. enw 
asiisei avolsmens oft misiqne piuow. Liew ys 
Axsh ods doiw Ihaw aotteveoxs Jnemsuds ¢ 
-posi istxetem oft doiw Apo2 gosiat. pried 4 
=svsox9 edt to 90s% rigton ent -bobiadua 
-xebnu don bas Aoorbed dosgnt ed yidemues 


avoiverd _ i a: 
eft no test | 


B=2'6 


south side of the excavation on July 27, 1971, a pocket 
penetrometer profile was taken across the bentonite layer 
in the field. The block sample was removed to the labora- 
tory and dissected on July 29, 1971. 

The observations made and natural moisture contents 
are shown in Figure B.10. Two flat, slickensided surfaces 
with well developed striae occurred on the top and bottom 
bentonite-shale contacts. Secondary failure surfaces 
Occurred immediately above the top of the bentonite layer 
and in the center of the bentonite layer. These surfaces 
were smooth, slickensided and continuous over the entire 
length of the sample for some 12 inches. The surfaces were 
"wavey' with an amplitude of about ¥% inch. No striae were 
Observed on them. 

The shale above the bentonite layer was badly frac- 
tured with the degree of fracturing increasing with depth 
until the bentonite layer was reached. The shale above 
the bentonite for approximately 1 inch was softened into a 
soft brown clay as shown by the water content profile in 
Figure B.10. A decrease in moisture content with depth 
Occurred through the bentonite layer with the highest 
moisture content, and lowest pocket penetrometer strength, 
immediately below the top bentonite-shale contact. 

A close examination of the bentonite showed small, 
hard shale pebbles, up to 1/16 inch in size, embedded 


throughout the bentonite layer. Small pieces of pure 


ai-a 



























geaoog s ,ivel TS yiut to 
xsysi stimodned odd aeotos nexed @ 
-px0dsl orld o+ bevomet asw signse = Asoid 
yy pren ves a 


stqesnoD stutebom Leteted bas bam anotsé 
esostuve bebienstotie , 3652 ow? wee 
moz tod ‘bis qos eit no betiyooo sstise- senor tw 


asobitue sxwiist risbnoges ,asossnoo olsde 
nosned ait to gor etd svods yieserbenmt Bi 


sevel otf 
.foysl “osbnogned | eis to 19308 


ao bare bebiansatokle © 


densitue seont 
etisas ea 1aVvo evounbott 
.estont cf emog, x0? elgmse "eds Be 
.ftont # dueds Io sbuttiqms 1s” 
| . upesivt: 


sisw esoatime oT 


atow SsBatise of 


-os12 yibsd 2sw zayel stinotned edt svods\efeds - 


d3qeb dgiw patesstoat otduvtos 1? | to costar 
aveds elede oT .baribsen asw it xeyst ‘ett 
5 ojni benssice e6w diet 2 qledemixorgas®% 
ni efkiorq inetao9 sosaw odd Sanne 
fitgqeb dtiw tneta09 exuteatom adda 
seodivin ort ita.hw woyed “et inosaed: a4 
,atpaotza seJomossenoq ‘desbog? seewo! "BAS 
. t9£300 edmderedinodned iqos* ett | 
,ilsme hewore osinoanes eds to 
ade oe a eee " tg side cid ial | 
| _e Pai cy? ae: 


‘ i a bi 
Pee Hans 6 


Pa ae a 


Belt 


bentonite were observed in the upper softened shale above 
the bentonite layer up to k inch from the bentonite-shale 
contact. The shale for about % inch below the bentonite 
layer was brecciated into hard, 1/8 inch pieces which often 


had a thin bentonite coating. 


6. Groundwater Conditions in the West Abutment, Beverly 
Bridge: The preliminary inspection on July 27, 1971 


showed an anomalously high water table at the site with 
seepage discharging from the slope some 20 to 30 feet 
below the valley crest. In October, 1971 a bench was 
constructed across the slope some 30 feet below the abut- 
ment which exposed the 2 foot thick coal seam shown in 
Figure B.9 and a portion of a slide failure surface. The 
slide surface, at this point, occurred along the contact 
between the coal seam and an overlying bentonite seam 
which varied from 1 to 3 inches in thickness. An actual 
down-warping of about 16 saan was observed in the coal- 
bentonite contact at this point which appeared due to the 
landslide. The coal was well jointed but practically no 
seepage was observed from this bed along the 100 feet of 
outcrop visible. 

A pit had been excavated about 20 feet upslope from 
the bench. Several inches of free water were visible in 
the bottom of this excavation which was estimated to be 7 


or 8 feet deep and did not reach the coal seam. These 
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observations, coupled with the moisture contents noted in 
the bentonite seam, show that the bentonite layer was acting 
as a perfectly impervious cutoff and had a marked effect 
upon the groundwater conditions in the valley wall by causing 
a perched water table to form. 

Bentonite layers often occur in conjunction with coal 
layers in the Edmonton formation. When they occur below a 
coal layer the superincumbent fractured coal acts as a drain 
and very little build-up of hydrostatic pressure occurs. A 
bentonite layer above a coal seam has the opposite effect 


and perched water table forms above the bentonite layer. 


7. Results of Laboratory Testing: Samples of bedrock from 


the pier excavations at the Beverly bridge were tested to 
determine the index properties of the gouge zone material 
and the bedrock immediately above and below the softened 
zone. Samples were taken from the lower gouge zone in the 
southwest corner of the pier 2 excavation and from a gouge 
zone on the east side of the pier 3 excavation about 4 
feet up from the pit floor. 

A two pound bag sample of the softened gouge zone 
material was removed along a one foot section of the pit 
wall. A similar sample was taken immediately above and 
below the gouge zone. The liquid limit, plastic limit and 
gradation of each of the samples was found by standard soil 


testing procedures (A.S.T.M., 1958). 
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The Atterberg limits of the samples are shown in 
Table B.2. Results from the gouge zone lie between those 
from the bedrock above and below the zone; the range of 
results is small and indicates the softened material in 
the gouge zone has the same composition as the rock either 
side of the zone. The results of the hydrometer analyses, 
shown in Figure B.11, show a very similar grain size curve 
for material above, below and from the gouge zone. Thus, 
the softened bedding planes do not seem to be depositional 
in origin but rather appear to have resulted from lateral 
movement across horizontal bedding planes. 

The results of the hydrometer analyses shown in 
Figure B.1l classify the bedrock as a coarse siltstone 
rather than a fine grained sandstone as it was described 


in the field. 


TABLE B.2 


ATTERBERG LIMITS ON SAMPLES FROM THE BEVERLY BRIDGE 


Sa a a ee a II I TCR SR Bai care SRE 


Site Sample Location W,? W,% 
Ss, Ss ES Se eeeeOeOeeeSeEeeee 
Pier 2 Above gouge zone » bEt.2 2455 

Gouge zone 66.8 Zon 2 
Below gouge zone 68.0 24.4 
Pier 3 Above gouge zone 535.0 23.5 
Gouge zone 68.9 26.°5 
Below gouge zone liens by Bae 
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TABLE B.-L 


DEFINITION OF THE PANAMA HARDNESS SCALE 





Pocket Pen- 


Overburden etrometer (P.P.) 
eee 

OH-1l Easily squeezed through fingers. Consistency 0-2 
of fresh putty. 

OH-2 Easily indented with finger point at moderate 2-10 
pressure. 

OH-3 A pencil point can be readily pushed into 10-20 
sample. 

OH-4~, Difficult.to.take.drive-sample..Difficult 20-30 
to punch pencil point into sample. 

OH-5 Material of near rock character. 30-40 

Rock 
RH-1 Slightly harder than very hard overburden, 40-45 


rock-like character but crumbles or breaks 
easily by hand (some clay-shales and unce- 
mented sandstones). 


RH-2 Cannot be crumbled between fingers but can 45 + 
be easily picked with light blows of the 
geology hammer. (Some shales and slightly 
cemented sandstones and conglomerates. ) 


RH-3 Can be picked by moderate blows of geology 
hammer. Can be cut with knife. 


RH-4 Cannot be picked with geology hammer, but can 
be chipped with moderate blows of hammer. 


RH-5 Chips can be broken off only with heavy blows 
of the geology hammer. 
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w— NORTH SOUTH 
ALLUVIUM 
2.0 FT. DK. GREY SHALE, HARD RHI, NUGGET 
STRUCTURE 
4.2 FT. DK. GREY SHALE, HARD, RH1, HORIZONTAL JOINTS 
AT 2 TO 6 INCH SPACING, VERTICAL JOINTS AT 
| TO 2 FT. SPACING. 
Is pr, BLACK CARBONACEOUS SHALE, BADLY FRACTURED 
OPEN JOINT es 


2.7 FT. DK. GREY GREEN SILTSTONE, OH5, BADLY FRACTURED 


CLOSED JOINT 


MEDIUM GREY SANDSTONE, MEDIUM TO COARSE 
GRAINED , HARD RH2, 


2.6 FT. 
INTACT, OCC’L RANDOM JOINT 


O.1 FT. DK. GREY SHALE, RH 2 


oe | 
| DISTURBED, HORIZ. JOINTS AT I-2 INCH SPACING 
ie 


0.3 FT. GREY SST.,HARD RH2, OCC’L, RANDOM JOINT 
'0.6 FT. GREY- GREEN SHALE, INTACT 





NO JOINT 


PIT FLOOR 


STRATIGRAPHIC SECTION, EAST PIER 
EXCAVATION, JAMES MACDONALD BRIDGE 


is 
ly 
a 
& 
x 
” 
< 
w 
z 





LOCATION SKETCH FIG. B.I 
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MAG. NORTH 


EXCAVATION 


STRIKE N30°W 
a UIP 85°E 


PLAN OF VERTICAL JOINT SET, SOUTH 


EDGE OF PIER 5 EXCAVATION, JAMES 
MACDONALD BRIDGE 


FIG. B.2 
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ALLUVIUM 


O.5FT, SOFTENED IN PLACES TO 
PP (45 T.S.F 


4.7 FT. OK. GREY SHALE , HARD RH I-2, HORIZ. JOINTS 
AT 3-12 IN. SPACING , VERTICAL JOINTS AT 6- 
18 INCH SPACING 


BLACK CARBONACEOUS SHALE, MINOR COAL, HARD RH2, 
BADLY FRACTURED ON HORIZONTAL PLANES AT I-2 
INCH SPACING 


OPEN, SOFTENED JOINT 3“ 
1.9 FT., DISTURBED, SOFTENED 


OPEN, SOFTENED JOINT 9 ————> 


4.0 FT. MEDIUM GREY SANDSTONE , MEDIUM GRAINED, 
SLIGHTLY BENTONITIC, OH 5- RHI 


4 FT. DARK GREY SILTSTONE, RHI-2, HORIZ. FRACT. AT 
2 IN. SPACING 


PIT FLOOR ELEV. 2035.8 


STRATIGRAPHIC SECTION, EAST PIER 
EXCAVATION, JAMES MACDONALD BRIDGE 





FIG?. BS 


LOCATION SKETCH 
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24 
EAST 


WEST 


6 FT. ALLUVIUM, GRAVEL ,SILT, SAND 


6 IN. J BLACK COAL, BRECC. 


| FT. MED. GREY SHALE, SOFT, BRECC. 
BENCH 


12 FT. MEDIUM GREY SANDSTONE, FINE GRAINED, 


HARD RH 2, SLIGHTLY BENTONITIC, FRACT. 


AT 0.5- 2 FT. SPACING. OCCASIONAL THIN 
HARD CEMENTED STRINGERS RH 4 


— SOFT LAYER CONTINUOUS 
OVER ENTIRE WALL 


PIT FLOOR ELEV. 1984.5: 


STRATIGRAPHIC SECTION, PIER 4 
EXCAVATION, BEVERLY BRIDGE 





FIG. B4 
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EAST WEST 
<——————— 
_ 
BADLY BRECCIATED SANDSTONE, 
MINOR COAL- SLIDE DEBRIS 
PROBABLE SLIDE SURFACE 
CONTACT GRADATIONAL OVER pees aioe 
| IN.- NO GOUGE ALONG HORIZ. JOINTS 
EL. 19950 AT 1/8 IN. SPACING 


ELI994'5 


BROWN BENTONITE,SOFT OH 2-3 
Wy > Wp, SLICKENSIDED PLANE 


AT BOTTOM. —————_—_—__»> 


| FT. BLACK COAL, JOINTS AT 
3 TO 8 IN. SPACING, RH2 







PIER 


BASE 1.5 FT. MEDIUM GREY CARB. 


SHALE , BENTONITIC, 
RH1, JOINTS AT I-1.5 


FT. SPACING 


NOTE: TOP OF COAL SEAM OUTCROPS AT ELEV. 1995.3 
ON EAST SIDE OF PIT- 40.2 FT. EAST 


STRATIGRAPHIC SECTION PIER | 


BEVERLY BRIDGE 
FIG. BS 
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26 
SMOOTH, FLAT SFC., SILKY TEXTURE, NO SLICKS. 
VISIBLE IN FIELD 


FINE GRAINED SST. EAST 
HARD RH 2 






| 
a TO d INCH OF SOFT PLASTIC 


CLAY WITH SOME COARSER PARTICLES 


ALLUVIUM 
OH1, RP=0.5 T.S.F, Wy? W, : 





SST. AS ABOVE 0.6 FT. BLACK COAL, BADLY 
FRACTURED INTO I-2 INCH 
PIECES 
JOINT DETAIL 1.7 FT. GREY SILTSTONE GRADING 


INTO FINE GR. SST. 


7.8 FT. LT. GREY, SANDSTONE, 
FINE GRAINED, RH 2 


ARROWS DENOTE POSITION OF A SOFTENED 
HORIZONTAL JOINT, INFILLED WITH £ TO 4 INCH 


OF SOFT, PLASTIC CLAY, AND CONTINUOUS OVER 
40 FT. OF EXCAVATION FACE 


PIT FLOOR ELEV. 1984.5 


STRATIGRAPHIC SECTION PIER 3 
BEVERLY BRIDGE 


FIG. B.6 
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FIGURE B.I| GRAIN SIZE CURVES FROM THE BEVERLY BRIDGE 
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Plate B.l 





View of the south face of the south pit,Pier 4 
excavation at the James MacDonald bridge. 


View of slickensided surface visible on the south 
face of the south pit,James MacDonald bridge. Note 
the pocket knife blade inserted into the gouge zone. 
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Plate B.3 


View of the northeast face of the north pit,Pier 4 
James MacDonald bridge. The horizontal softened joint 
is visible in the sandstone unit 3.5 ft. above the 
pit floor. 





Plate B.4 


View looking west along the north wall of the north 
pit,James MacDonald bridge.Note the softening at the 
carbonaceous shale - sandstone contact and the softened 
horizontal joint in the sandstone unit. 
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Plate B.5 View looking south along the west valley wall at the 
Beverly bridge. Note the landslide toe on the south 
wall of the Pier 1 excavation. 





Plate B.6 View looking south along the west side of the Fier 1 
excavation at the Beverly bridge. Note the brecciated 
bedrock above the carbonaceous shale in the foreground. 
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Plate B.7 Closeup of the carbonaceous shale shown in Plate B.6. 


Note evidence of lateral movement towards the excavation 
along horizontal bedding planes. 


Plate B.8 


View looking northwest of the 

pier 2 excavation, Beverly bridge. 
Note the dominant horizontal 
bedding planes. 
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Plate B.9 View of the north wall of the west abutment excavation at 
the Beverly bridge. Note the near surface failure plane 
and bedrock disturbance landward of this feature. 





Plate B.10 View of the south face of the west abutment excavation 
looking southwest. Note the rise in the dark-brown shale 


towards the river. 
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Plate B.11 View of the south face of the west abutment excavation. 
Note the recent slide scarp in the upper-left of the 
photo and the thin bentonite layer near the bottom 





Plate B.12 Closeup of the bentonite layer shown in Plate B.1l. 
Note downwarping and smearing of the bentonite by 


slide activity. 
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APPENDIX C 


PROFILES ADJACENT TO RIVER VALLEYS IN ALBERTA 





C=1 


1 #helntroduction: During the summer of 1970 several weeks 
were spent surveying profiles of the ground surface back 
from valley edges in the Province of Alberta. This appen- 
dix contains a brief description of the method used and 


documents the results of these surveys. 


2. Procedure: 

A preliminary air photo survey of the South Saskat- 
chewan, Red Deer, Pembina, Little Smokey and Peace Rivers 
in the Province of Alberta showed areas along these rivers 
where occurrence of a raised valley rim was common. These 
areas were visited and a number of profiles were surveyed 
to record the behaviour of the ground surface immediately 
adjacent to the river valley. 

The profiles were generally run at right angles to 
the valley wall using a Kern precision engineering level. 
An assumed elevation of 100.0 feet was taken at the start 
of each profile although in some cases a temporary bench- 
mark was used with an assumed elevation of 100.0 to run 
several profiles from. No attempt was made to tie these 
profiles to geodetic benchmarks. Horizontal distances 
were paced and an error of approximately 3 percent thus 
exists in the horizontal distances. Errors in elevation 
are considered insignificant. The profiles were extended 
far enough back from the valley edge to show any anomalous 


behaviour of the ground surface immediately adjacent to 
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the valley as well as the magnitude of local relief in the 
area. 

Most of the profiles were taken near sites where 
data on the depth of overburden and type and properties of 
the bedrock are available. At each site the width and 


depth of valley was scaled from 1:50,000 topographic maps. 


3. Results: 

Five areas of the Province of Alberta were visited 
and are discussed in the order the work was done. 

A. Medicine Hat Area: Surveys were made along the margin 
of a large clay pit east of Medicine Hat and along the 
South Saskatchewan River upstream of Medicine Hat. One 
profile was surveyed along the north edge of the Cypress 
Hills plateau southeast of Medicine Hat. 

The Medicine Hat area is characterized by a number 
of clay pits (Thomson and Matheson, 1970a) where bedrock 
has been excavated for the ceramic industry based in 
Medicine Hat. The term 'clay-pits' is a misnomer as the 
substance mined is the local bedrock which is competent 
sedimentary rock of the Oldman formation which is capable 
of standing vertically for well over one hundred feet. 

Clay ‘pit’ 14° is* located ‘in S1-12=4-w4 ‘some’ 5 miles 
east of Medicine Hat. The pit has a maximum depth of about 
70°feet through’ 20 feet of till and 50 feet of shale and 
Sandstone of the Oldman formation. The stratigraphy ob- 


served in this pit is described by Thomson and Matheson 
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(1970a, p. 13-14). The pit has been recently abandoned and 
no evidence of surface erosion was visible around the exca- 
vation edge. Seven profiles were run back from the edge 

of the pit on the two undisturbed sides of the excavation, 
as shown in Figure C.l. Five of the seven profiles show a 
rise of the ground surface of about 1 foot beginning some 
40 feet back from the pit edge as shown in Figures C.2 to 
C.5 inclusive. The bedrock visible in the pit is flat- 
lying and no other cause than rebound of the pit bottom 
can be the cause of the raised rim around the pit. 

Five profiles were surveyed along the South Saskat- 
chewan River upstream of Medicine Hat. The river flows 
through postglacial valley approximately 3/4 mile wide and 
300 feet deep incised through 20 to 30 feet of till and 
bedrock of the Oldman formation. Profiles 1 and 2 were 
surveyed on opposite sides of the river at Redcliff some 3 
miles upstream of Medicine Hat and are shown in Chapter III. 
The other profiles were surveyed on the north side of the 
valley about 4 miles west of Redcliff as shown in Figure C.6. 
The three profiles, shown in Figure C.7 to C.9 inclusive, 
show a rise in the ground surface of 10 to 20 feet as the 
edge of the valley is approached. 

The Cypress Hills are an erosional remnant having a 
maximum elevation of 4800 feet and stand about 2400 feet 
above the surrounding prairie level. The Pleistocene 


geology of the area has been mapped by Westgate (1965). 
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The bedrock geology of the area is given by Crockford 
(1951). A slight rise along the north edge of the Cypress 
Hills plateau was observed in many places and Figure C.10 
shows a typical profile which reveals a gentle rise of 
about 1 foot adjacent to the edge of the plateau. At the 
site some 50 feet of Tertiary gravels cap bedrock of the 
Ravenscrag formation (Tertiary). 
B. Drumheller Area: A number of surveys were made along 
the Red Deer River upstream of and in the immediate vicinity 
Of Drumheller. Figure C.1l shows a profile surveyed on the 
east edge of the Red Deer River Valley at Ardley Damsite 
(discussed in Chapter III) where some 10 to 15 feet of till 
covers bedrock of the Edmonton formation. A slight rise of 
about 3 feet occurs towards the valley edge but several 
feet of local relief occurs in the area and the rise may 
be due to this factor. The presence of a well developed 
valley anticline and valley flexure is documented at this 
site and it appears the absence of a raised valley rim is 
due to erosion. 

A second profile was surveyed on the west side of 
the Red Deer valley some 15 miles upstream of Drumheller 
as shown in Figure C.12. No evidence of a raised rim occurs 
and it was concluded that erosion along the edge of the 
main valley has removed practically all evidence of rebound. 

A survey of air photos of the Drumheller area showed 


well developed raised valley rims along a number of the 
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tributaries to the main valley. Figure C.13 shows the 
location of surveys made along the east branch of Michichi 
Creek some 2 miles east of Drumheller. At this site a 
tributary gulley has formed a neck of land forming a 
plateau or mesa in 18-29-19-4. A raised rim is visible 
around the entire periphery of this plateau; the valley 
of Michichi Creek is almost 400 feet deep and the till 
cover in the area is relatively thin. The raised rim is 
easily visible along the east edge of the neck of land as 
shown in Figure C.14 with an average rise in ground surface 
Of about 5 feet occurring over a horizontal distance of 
70 to 80 feet. The rise in ground surface along the west 
Side of the neck of land is less pronounced and has been 
removed by erosion in some places. 

Profile M5 was surveyed adjacent to the Red Deer 
River Valley some 2 miles downstream of Drumheller and a 
rise in ground elevation of about 18 feet occurs towards 
the valley. This profile was made in an area of high 
local relief and may not be a true raised valley rim in 
view of the absence of this feature in the other sites 
visited along the Red Deer River Valley. 
C. Entwistle Area: Seven profiles were surveyed along 
the Pembina River near Entwistle some 50 miles west of 
Edmonton, Alberta. The Pembina River has carved a post- 
glacial valley about 1300 feet wide and 200 feet deep 


through a few feet of lacustrine clay, 20 feet of glacial 


ve ee 

core bin tee 

sit awore €1.9 exsupht. swell te z + o . 
itp itoiM to donssd tase, oie eaols) ebem! r sit ° wot 

5 etia eins 34 _telisdmusd to tese% of : ~ , aioe 2: 

s paimsot bast Io Aoen & bomxo2; esdey [ iil « sudet 

sidteiv et mix Bosisz A beel-e8-8Loak se ee Paes 

yolisv ods .usasteiq eidd to qrsdqizeq 

ILid ot bus-qooh 3992 00% deonls et wee 

at eit beats1 efT ain? ylevisseie1 el 5976) | 
































rs 


26 bnei 20 doen ef2 20 epbs dese eid profs 6. 
soblive baverp ai selx spstevs a6 dtiw b£,9 ox 
%0 sonsetetbh Isanosizod s zeVvo patzxuedo ; 
jeow ofd pools sostawe bavoxre at eeiz oft. 
nesd est bas beonvenorg eeot at “busli to ac 
| ,es0s8iq emoe nt 
19sd. bat adt og tneostbs beyoviue eBwi 2M» 
s-has tolflsdmyxa to meorsenwob eolimS) smos: 
ebiswost 2suoce test Bf suods sat noist | 
dipid to sexe 6 at obs ow afioup adh | ; 
mi mit iokine hoeist out Ps od ton yom £ | ‘ ai: 
eetis xerido og ai oxppne? ebtia* 
pnols beyevive stew vattnong over 
to teow solim 02 smoa el ne = o 
~d80q 8 sorato tad svi anton | Ra 
iskoslp to Jes2 OS» 


s 2 
p a 


a 
| smn eS 
a press ee 


_ 
Lan Ot 





aye 


i. < 1“ 
ie at ae 


till, 50 feet of hard well cemented sandstone of the 
Tertiary Paskapoo formation and about 130 feet of the 
Edmonton formation (Upper Cretaceous). An air photo sur- 
vey showed a small raised rim occurring along the outside 
of meander bends but no evidence of this effect was visible 
elsewhere along the valley edge. The location of the pro- 
files is shown in Figure C.15 and the profiles are shown in 
Figures C.16 and C.20 inclusive. 

Two of the profiles taken on the outside of meander 
bends (P2 and P5) show a 6 to 7 foot raised rim while one 
profile surveyed on the outside of a meander bend (P1) shows 
little or no evidence of a rise towards the valley edge. 
Profiles P6 and P7, surveyed opposite the inside of a 
meander, show no evidence of rebound although the large 
amount of local relief tends to obscure any rebound effects. 
Profile P.4 surveyed adjacent to a stretch of valley where 
little meandering has occurred shows a slight rise in 
ground surface immediately adjacent to the valley edge. 

D. Little Smokey Bridge: A landslide at the Little Smokey 
River bridge located about 30 miles north of Valleyview, 
Alberta has been extensively studied by Rennie (1966) and 
Hayley (1968). The Little Smokey River has re-excavated a 
preglacial channel infilled with till to a depth of about 
320 feet. Bedrock is not exposed in the valley walls but 
underlies the river at shallow depth and is believed to be 


the Puskawaskau formation (Upper Cretaceous) of the Upper 
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Smokey Group. The bedrock is described as a soft, grey, 
fissile marine shale. 

Five profiles were surveyed along the valley edge 
near the bridge site as shown in Figure C.21. The profiles 
are shown in Figures C.22 to C.24 inclusive. A poorly 
defined rise towards the valley of one to three feet occurs 
ane protiles LS 3 and LS 4 as shown in figure C.23. ‘Local 
relief of 3 to 4 feet complicates the interpretation of 
the results and the only well defined raised valley rim 
occurs in profile LS 2 (Figure C.22) immediately above the 
scarp of the active landslide on the outside of a meander 
bend of the river. 

E. Peace River: Three profiles were surveyed along the 
Peace River Valley in the vicinity of Chettonn of Peace 

River, Alberta as shown in Figure C.25. A 15 to 20 foot 

rise toward the river valley, which begins about two miles 
back from the valley edge, occurs in profiles PR 1 and PR 3 
geeshown in Figures C.26 and C.28. Prorile PR 2) (Figure C.27) 
does not show this feature. The valley of the Peace River 

in this area is 3 to 4 miles wide and about 700 feet deep. 
Several hundred feet of glacial and interglacial deposits 
cover bedrock in this area (Sharma, 1969). 

Two additional profiles, PR 4 and PR 5, were surveyed 
on the north side of the valley some 30 miles upstream of 
Peace River town as shown in Figure C.29. An airphoto sur- 


vey, confirmed in the field, showed no raised rim along the 
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edge of the main valley. However, a minor raised rim was 
visible on the airphotos in places along the tributary 
valleys. A distinct raised rim 2 to 3 feet high was ob- 
served in profile PR 5 but no such rim occurred in profile 
PR 4 as shown in Figure €.30. Extensive slumping along 

the sides of these tributary valleys prevented any observa- 


tions as to depth of overburden at this location. 


4. Discussion: 

The raised valley rim was best expressed along the 
South Saskatchewan River upstream of Medicine Hat where the 
valley was cut through a relatively shallow veneer of till 
in a distinctly postglacial valley. Profiles 1, 2 and 4 
show a raised rim about 15 feet high starting from 800 to 
1800 feet back from the valley edge. Erosion has apparently 
reduced the raised rim in profile 3 and accentuated it in 
Droriie 5 at this site. 

The protiles- at clay pit 14 cut into the same bed- 
rock, the Oldman formation, show a rise in ground surface 
of about 1 foot beginning 30 or 40 feet from the excavation 
edge indicating that both depth and width of excavation 
affect the height and width of the raised rim. 

The poorly defined or non-existent valley rim along 
the Red Deer River in the vicinity of Drumheller is in 
marked contrast to the well defined occurrence along 
Michichi Creek. Erosion has apparently removed the rim 


along the main valley in places indicating that the tributary 
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is younger and the intensity of the forces of erosion is 
much less under present climatic conditions than when the 
main valley was formed, presumably at the end of the 
Pleistocene some 15,000 to 20,000 years ago. Evidence to 
Support this concept is present in the profiles from the 
Pembina river at Entwistle. The absence of a raised rim 

on the outside of meander bends suggests the removal of 
this feature by erosion while the occurrence of the raised 
rim on the inside of meander bends suggests that relatively 
little time has occurred on a geologic scale for erosion to 
peedtate the rim. Airphoto observations on the valley at 
this point (Matheson, 1970) suggest that the river has 
ene channel in bedrock by the process of meandering 
and the present location of the valley rim on the outside 
of meander bends should be of recent age and would not date 
from the original formation of the valley. 

A thick depth of glacial deposits can be seen to 
inhibit the occurrence of the raised rim from the survey 
results along the Little Smokey and Peace Rivers. A raised 
rim was only visible on one profile from the Little Smokey 
bridge area and it is of interest to note its height was 
only about % of the height of the raised Sime observed 
along the South Saskatchewan river considering that the 
two valleys of approximately the same depth and width. The 
fact that this profile occurs above a landslide known to be 
currently active suggests the present valley rim is recent 


and little time has elapsed for erosion to suppress it. 
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The absence or poor expression of a raised rim in the other 
profiles surveyed at the Little Smokey bridge indicates the 
relative magnitude of the natural erosion forces which have 
acted over the 15,000 years or so since deglaciation and 
formation of the present valley. 

In summary the raised valley rim is best expressed 
where a wide, deep river valley has downcut through a flat, 
thin veneer of glacial drift. A raised rim will occur 
adjacent to a valley cut through till but will be much 
reduced in height and apparently reflects the relative 
modulus of elasticity of the two material. The absence or 
poor expression of the raised rim appears to result from 
the susceptibility of glacial deposits to weathering, how- 
ever if a large raised rim is formed it appears resistant 
to erosion as drainage is then landward and away from the 
valley. In some cases erosion appears to accentuate the 
height of the raised rim. 

The raised valley rim is best visible along recently 
formed valley edges. However, extensive landslide actively 
producing a very flat valley wall appears to subdue to 
raised rim. An airphoto survey of the South Saskatchewan 
River downstream of Medicine Hat, in the Bearpaw formation, 
where extensive landslides have reduced the valley wall to 


close to 10:1 showed no evidence of the raised rim. 
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APPENDIX D 


STRESS AND DEFORMATION ANALYSIS OF 


EXCAVATION BY THE FINITE ELEMENT METHOD 
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IT. Introduction 

Excavation by either natural or artificial means into 
a soil or rock mass causes changes in stress and displace- 
ments which are a function of the elastic parameters of the 
soil/rock mass and the in-situ state of stress which 
existed before the excavation occurred. This manual des- 
cribes and illustrates how the final state of stress and 
the resulting displacements can be found for an excavation 
made into a homogeneous, elastic soil/rock mass using the 
finite element technique. The program in this manual is 


coded in FORTRAN IV for the IBM 360 computer. 


2. Fundamentals of Finite Element Analysis 


The soil/rock mass to be analyzed is idealized by 
hypothetically dividing it into a series of triangular 
elements connected at their corners by nodal points as 
shown in Figure 1. The stiffness characteristics of each 
element is determined and then assembled into a structural 
stiffness matrix (K). Stresses acting on the elements are 
converted to equivalent nodal point forces (P) and the 
nodal point displacements (u) are found from 

(Pj. mw 8(K) 37 fu) Sere lay Lae 

The element stresses are determined from the nodal 
point displacements by the appropriate constitutive rela- 
tionship. 

The solution of equation (1) is bound with specifica- 


tion of boundary conditions. On the boundary of the finite 
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element grid either nodal point displacements are specified 
Or nodal point forces ‘are known and are specified. 

Details of the method are given by Zienkiewicz and 
Cheung (1967) and Holand and Bell (1970). Numerous recent 
examples of the application of the method are found in the 


literature. 


3. Initial Stress Conditions 
The state of stress in the soil/rock mass before 
excavation has a marked effect upon the final stress field 
and displacements. The vertical stress Oe at some depth Z 
is taken as 
o, = V2 eared seit ) 
where ¥ is the unit weight of the soil/rock. The horizon- 
tal stress is taken as a coefficient Kor the coefficient of 
earth pressure at rest, times the vertical stress 
On = KobZ ee ee 13) 
It can be shown that if a soil or rock mass was 
deposited under conditions of no lateral strain then 


KaoeHr av 
a 1l-»y ra fate care a) 


Field evidence shows that the presence of tectonic 
stresses or 'overconsolidation' of a soil/rock mass will 


yield values of K, considerable in excess of unity. 


4. Simulation of the Excavation Sequence 


Figure 2 shows the state of stress acting along the 


boundaries of a proposed excavation, The excavation can be 
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simulated for an elastic material by applying changes in 
stress 4o to this boundary which are equal to the initial 
stresses but opposite in sign. This results in a stress 
free condition along the excavation boundary. Displacements 
and stress changes occur due to the surface tractions 
applied to the excavation boundary. 

The final state of stress in the soil/rock mass sub- 
sequent to excavation is:found by adding the stress changes 
at any given location to the initial state of stress at 
that location. The initial state of stress can be found at 
any pOint using equations (2) and (3) or by the use of the 
finite element program provided Ka =V/(l-y). In this case 
a grid with a horizontal surface is constructed and the unit 
weight of the soil/rock input. This is termed a ‘gravity 
switch on' procedure and the initial stresses are output. 
However, they aan easily be found from statics and simple 


mechanics of materials. 


5. Program Description 


The program used was originally written in 1963 at 
the University of California, Berkeley for the two dimen- 
sional analysis of structures. Full details are given by 
Wilson (1963). The program was modified at the University 
of Alberta for plane strain conditions, automatic genera- 
tion of nodes and elements and superposition of the origi- 
nal pre-excavation stresses upon the stress changes induced 


by excavation. The program is written in the FORTRAN IV 
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language and has been run on the University of Alberta's 
IBM 360/67 using FORTRAN IV, level G. 

The program assumes an initial level surface, a con- 
stant unit weight ¥ of the soil/rock material, and a lin- 
early elastic soil/rock mass. Constant strain triangles 
are used; therefore the strain and hence the stress is con- 


stant across each element. 


6. Sequence of Operations 

The program reads the data and then generates not 
read elements and nodes. Initial node and element stresses 
are calculated. Data on all elements and nodes along with 
initial element and nodal stresses are printed. Following 
this nodal displacements and stress changes due to the 
excavation are calculated and printed. The stress changes 
are superimposed upon the initial state of stress and the 
final state of stress is printed for all nodes and elements. 
Final stresses are then normalized by dividing by the unit 


™ 


[bs 
y' "xy 


are printed for all nodes and elements as well as principal 


weight Y times the depth of cut. The stresses Oe o 


stresses o and 05 and directions 9. The maximum shear 


stress | is printed for all nodes and elements. 


ax 


7. Data Cards 
A. Title Card (72H): Title to be printed with output. 
B. Control Card (814, 2E12.5, 1F4.0): 


Cols. l1- 4 Number of elements (< 1700) 
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29-32 


33-44 


45-56 


Number of read elements (<¢ 100) 
Number of node points (< 1100) 
Number of read node points (< 1100) 
Number of restrained boundary points 


Cycle interval tor print of force 
unbalance 


Cycle interval for print of dis- 
placements and stresses 


Maximum number of cycles problem may 
run 


Convergence limit for unbalanced 
forces (< .0005 x unbalanced 
force of lst cycle) 


Over-relaxation factor (use 1.85) 


Excavation Data Card (4F10.3) 


Cols. 1-10 
11-20 
21-30 


31-40 


Unit weight of soil/rock (k.c.£.) 


Ka 


Y ordinate of ground surface (ft.) 


Depth. of cut _(ft.) 


Element array (414, 4E12.4, F8.4): Use one card 


per element or one card at the ends of a row of 


uniformly spaced elements. 


CoLe.~——-L=4 


41-52 


Element number 

Node point i 
taken counter- 

Node point j clockwise around 
the element 

Node point k 

Modulus of elasticity in psi 

‘ ‘ 3 
Unit weight in kips per ft. 


(Note: use only for initial stresses 
2 Pas V/CL=¥) 


Poisson's ratio 
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E. Nodal point array (114, 2F8.1, 2F12.8) Use one 


card per node point or one card at the ends of a 


row of uniformly spaced nodes. 


Cols.op 1-4 
D=L2 

13320 

236-28 

AIzS 6 

37-48 


49-60 


F. Boundary array 


Pole, right 
5eas8 
o=16 


8. Example Problem 


Node point number 


X 


Ms 


(2448 209 


ordinate in ft. 
ordinate in ft. 
load in kips 
load in kips 


edits meine 


displacement 


Node point number 


0 


1 


2 


Slope S 


on free nodal 
points these are 
initial guesses, 
on restrained 
nodal points these 
are specified 
displacements 


One card per point. 


if node is fixed in .X) and’ ¥ 


if node is fixed in X 


if node is free to move along a 
line with slope S 


(type 2 only) 


The grid shown in Figure 1 is used to illustrate the 


use of the finite element program. 


It is proposed to exca- 


vate a 200 ft. deep pit with vertical sides into a rock 


mass with an initial flat surface. 


The pit is assumed to 


be 1200 ft. wide and have a length considerably greater 


than the width. The rock mass is assumed to have a Young's 
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modulus (E) of 100,000 psi (100 ksi) and a Poisson's ratio 
y of 0.20. The initial value of K, is assumed to be equal 
Poe 0. 

The slope is idealized by the finite element grid 
Shown in Figure 1. The lateral boundary of the grid is 
placed at a considerable distance back from the edge of 
the pit so as to have little effect upon the state of 
stress around the slope. The nodes on the bottom boundary 
of the grid are assumed to be fixed in both the x and y 
direction while the nodes on the lateral boundaries of the 
grid are assumed to be fixed in the x direction only. 

The grid is divided into 600 elements which are 
connected at 347 nodes. Nodes and elements are numbered 
from left to right as shown in Figure 1. Nodes are assigned 
X and Y co-ordinates with node point (NP) 1 as the origin. 
When devising a grid of this type the aspect ratio of the 
triangular elements (ratio of length to width) should be 
less than 5. A closer spacing of elements should be used 
in zones of interest such as the vicinity of the toe of 
slope as this program uses an element across which stress, 
and hence strain, is assumed to be constant. This approxi- 
Mation can lead to considerable errors in zones of high 
stress. gradient suchas at the toe of slope... As an auto- 
matic node and element generating routine is included in 
this program, it is often useful to keep the nodes and 
elements spaced uniformly in the x direction. 


The automatic generation of nodes and elements requires 
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that the element be equally spaced in the x direction. 
Elements must be constructed as shown in Figure 1 to allow 
the automatic element generation routine to work. 

The first step after laying out the grid is to number 
the nodes and elements as shown in Figure 1. Following this 
the initial values of stress before excavation are calcu- 
lated. As K = 1.00, Mohr's circle shows the shear stress 
on each element of rock to be zero. Therefore for the 
final shear stress field, no initial values will have to 
be superimposed upon the results of the finite element 
calculation. 

The finite element program is then used to find the 
displacements and stress changes which occur due to excava- 
tion process. The stress on the side and bottom of the 
excavation are transformed into equivalent nodal forces 
with a sign opposite to the initial stress. These are 
tractions rather than compressive forces. Calculation of 


these nodal forces is illustrated in Figure 3. 


9. Description of Coding Procedure 


The grid illustrated in Figure 1 has 600 elements and 
347 nodes. The rock mass is assumed to have a Young's mod- 
ulus (E) of 100 ksi and Poisson's ratio (vy) of 0.20. 

The first card consists of information to be printed 
with the results. In this case the depth of cut (200 ft.), 


E(100 ksi), v(0.20), and %(.150 kcf) are entered. 
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The control card follows next. The number of elements 
(600) is entered in card columns (c.c.) 1-4. The number of 
read elements follows in c.c. 5-8. As the automatic ele- 
ment generation routine is used, only elements at the end 
of each row are entered. Thus 20 element cards are used 
and 20 is the number of read elements entered in c.c. 5-8. 
The total number of node points, 347, is entered in c.c. 
9-12. Using the automatic node generation routine, only 
the nodes at the end of each row of node points need be 
entered if the nodal force on the interior nodes is zero 
(i.e., in the body of the grid). If a nodal force is 
specified, such as on the bottom of the excavation (NP 
210-222), each of these node points must be specified by 
a separate card. Thus the number of read node points is 
entered in c.c. 13-16 as 34. The nodes are numbered from 
left to right, as shown in Figure 1, so as to produce a 
minimum difference in node point members around each ele- 
ment. This will minimize work in the solution process. 

Each restricted boundary node point must be entered 
separately and in sequence. The nodes on the bottom of 
the grid (N.P. 1-37) are fixed in X and Y (code 0) and the 
nodes on the sides of the grid (N.P. 38,74,75, lll, 112, 
148, etc.) are fixed in X only (code 1). The number of 
fixed nodes is 52 which is entered in c.c. 17-20. 

The remainder of the data on the control card control 
the Gauss-Siedel iterative procedure and can be changed at 


the programmer's discretion. Experience has shown that for 
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most two-dimensional structures, the optimum over-relaxa- 
tion factor (c.c. 45-56) is between 1.8 and 1.95 (Wilson 
1963). A value of 1.85 is used in this example. The con- 
vergence limit for unbalanced forces should be < 0.0005 of 
the force unbalance for the first cycle. Use of a larger 
convergence limit will introduce some error into the output 
results, use of a smaller limit will increase the running 
time of the program with little increase in the accuracy of 
WesuLlts. 

The third card consists of the unit weight of rock 
WO uoOther tine cvc. L-L0M pTheivalienot Ky (1.00) is entered 
inimowe 11-20." The Yeordinate of the ground’ surface "(400% 0) 
is entered in c.c. 21-30. The depth of excavation (200.0) 
is entered in c.c. 31-40. 

The element array follows next. One card must be 
coded for each element read. If an irregular mesh is used, 
one card must be typed for each element in the mesh. Use 
of a regular mesh in the X direction allows one to type an 
element card for only the elements at the end of each row. 
The input parameters (E and y) must be the same for each of 
these two cards and the elements generated between the two 
end-elements will have the same parameters as specified for 
the two end elements. 

The first element card is for element 1 in the lower 
left of the grid. The three nodes adjoining the element 
are designated as I(N.P. 39), J(N.P. 38), and K(N.P. 1) 


and are coded in c.c. 5-8, 9-12, and 13-16. The value of 
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E (100,000 psi) and y (0.20) are input in 'E' format. Note 
no unit weight is input as this would lead to a "gravity- 
switch-on' probdddee as discussed previously. 

The second element card is for element 72 at the right 
hand side of the bottom row of elements. All elements 
between are generated automatically with E = 100 ksi and 
y= 0.20. 

In a similar fashion the other rows of elements are 
specified with a total of 20 element cards used. Hence the 
number of read elements equals twenty. 

The node point array follows next. One card must be 
coded for each node point read. As a regular mesh in the 
X-direction allows automatic node generation, two cards are 
used to generate each row of nodes although each node could 
be specified sequentially if an irregular mesh is used. 

The first node read is N.P. 1 in the lower left of 
the grid. The X and Y co-ordinate system starts in this 
corner of the grid so zero is entered for the X and Y ordi- 
nates in c.c. 5-12 and c.c. 13-20. The displacement of 
N.P. 1 is specified as zero (c.c. 37-48 and 49-60) and no 
boundary loads are specified. Node point 37 is specified 
next with an X co-ordinate of 1800.0 ft. and a Y co-ordinate 
of 0.0. All nodes between are generated automatically. 

This process continues until the boundaries of the 
cut are reached. On N.P. 210 both X and Y force are speci- 
fied (Fig. 3) as 363.25 kips and 750.00 kips respectively. 


Fach node on the bottom of the cut must be specified 
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separately (N.P. 210-222). Above the base of the cut auto- 
matic node generation can be used again with nodal forces 
Specified on the sides of the cut. A total of 34 node 
cards are prepared. 

Following the node cards, the restricted node point 
array (52 cards) is typed. Starting with N.P. 1, the node 
points on the bottom of the grid must be coded sequentially 
(N.P. 1-37). Each of these nodes is fixed in X and Y so 
code 0 is input in c.c. 8. On, the sides of the grid 
(NEPSSS8, af 4,o757iLb2 , br48yel49indshSielsah 22245223, F249, 
273, 293, and 323) movement is restricted in the X direc- 


tion only. Thus code 1 is entered in c.c. 8 of these cards. 


10. Presentation of Results 

The title card is printed followed by the data on 
the control card. The data for each element and node is 
then output including the initial state of stress before 
excavation in ksf. Boundary conditions are output followed 
by cycle number and force unbalance. 

Nodal point displacements are then output in feet 
with displacements positive upwards and to the right. Thus 
in the center of the excavation (N.P. 222) an upward dis- 
placement (or rebound) of 0,375 ft. is predicted. At the 
top of slope (N.P. 347) a displacement of 0.184 ft. towards 
the excavation and 0.0596 ft. upwards is predicted. 

Element and nodal stresses are then output in ksf. 


First the stress changes due to the excavation process are 
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printed with compressive forces taken as negative. These 
stress changes are superimposed upon the initial state of 
stress and the final state of stress is printed with com- 
pression positive. The final state of stress is normalized 
by dividing through by H where H = depth of cut. 

At the toe of slope (N.P. 210) the maximum value of 
shear stress is 15.782 ksf. Normalized this gives a value 
moe 320. 

Note when evaluating stresses that nodal point 
stresses are obtained by averaging element stresses for 
all elements connected to the nodal point. This produces 
good results for interior nodal points but will induce 
some approximation errors on the boundary of the grid. 
Element stresses will include some approximation errors 


on the grid boundary due to the type of element used. 
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(a) INITIAL STRESS ON BOUNDARY OF PROPOSED EXCAVATION 


(bo) APPLICATION OF STRESS CHANGE EQUAL AND OPPOSITE TO INITIAL STRESSES 


OT 0o+d0 


(c) FINAL STATE OF STRESS 


FIGURE 2 
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J. Calculation of Vertical Nodal Forces: 


OV = yZ = Cat ou kef) (200 Fitce) cS 


for a unit thickness ov = 


Ree 210 Pere tt. x50 kip/ lin. ft. = 
ak 211 Ere ths Ube Ou 1500.00 kip 
Gee. 


2, Caleualtion of Lateral Nodal Forces: 


Lateral stresses are shown above. 


Nee. oh? recs ty oot. x 3.75 ksf 
NPs 322 Pil = 
etc. 
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Moe ee te 2.0 RSL ot 1/2 xs50S ft a kos, Ue 


5 yZ = (1)(¢.150 kcf£) (Z) 


ov=yZ=30.0 ksi 
| 30.0 


Nee 


Horizontal ot Less as ack 


30.0 ksf 
30.0 kip/lin. ft. 


750.00 kip. 


= 46.88 kip 


375.00 kip 


CALCUATION OF NODAL FORCES 


Figure 3 
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FINITE ELEMENT PRIGRAM USING CONSTANT STRAIN TRIANGLES TO FIND THE 
DISPLACEMENTSs STRESS CHANG=S AND FINAL STATE OF STRESS DUE TO 


AN EXCAVATION IN A SOIL/ZROCK MASS WITH AN INITIAL HORIZONTAL SURFACE. 
THE SOIL/RICK MASS IS ASSUMED TO BE HOMOGENEOUS,» ISOTROPIC AND LINEARLY 


ELASTIC. 
DIMENSION AND COMMON STATEMENTS 


REAL KO 

DIMENSTON NPNUM(1100).XORD(1100)+YORD(1190) sHEAD(18)> 
TOSXCTLOO)Y +IS¥C1100) 6 XLGAD(1100) es YLOAD(1100) sNP( 1100410) +SXX(110999 
2) eSXVC11009 9) oSYX( 119009) 4+ SYY(110009) sNAF( 1100) sNONUR(90) 6 
SXORORCIOI) 6 YARDS (90) eXLIOR( G0) s¥ILDR(909.6DSXR(90)5D5YR(90) 

DIMENSION NUME (199%) +NPT(1900)sNPJ( 1909) »NPK(1900),ET(1900) 4 
1XU01900) »RO(1900 3 4CNEO(1900)40T (1900) ¢ THERM (1900) sAI( 1900 Ds 
2BI 01900) sAK( 1900) 6AKC1900) eSIGXX( 1900) pSLGYY(1900) sSIGXY(1900).6 
3SLIPE( 1100) eNUMER( 100) +NPIP (190) sNOIR(100) eNPKR(1L00) s=TR( 100)» 
4ROR(100) »XUR{( 100) «COFDR(109),0TR( 100) 

DIMENSION NPPO1100) eNFEXC L100) 6b 403) €A(6 55) «B05 56) 65 (695) 

DIMENSION DEPTHUL7OOSSIGIYC L100 eSTIGIXCLLODeRADL L100)» 
TTIMAXCLLOO) sSIGMAX(I100) eSIGMINCL100) eXFCALOOISYFCLIOG I XVF(LIO0)s 
2XMAXFCLIOO) +S XMINFCLLOO)sCFCIL00)sR= C1100) PAF (1100) 

DIMENSION SIGEXC1709) sSIGEYCLTOO) sETMAXCL7TOONDSELSMAX(1 7007 SEL SMING 
12700)+x%FE(1700) oe YFE( 1700) sKkYFE( 1700) » XMAXFE(S 700)5XMINFEC L700) .CFr= 
2(1700)3,RFE(1700) sPAFECL700) RETR 2700) s2XUR01 700) oe YZLECI 700) owl 17 
300) 

COMMON SXXeSXV¥eSYXsSYY 

EQUIVALENCE (SIGXKX(1)sROCT Ve NPSCL) De MSIGYYO1) eCOEOC 1) eNFIXC 1) 06 
1CSIGXY(1).9T(€1).SLOPE(1)) 


READ AND PRINT DATA 


NTRR=O 

READ(S5-100) HEAD 

WRITE (6,99) 

WRITE(Gs100)HEAD 

READ{(5.41 )NUMEL » NUREL »eNUMNP eNURNPsNUMBCeNCPINsNOPINeNCYCM, TOLER + 
XFACe TI 
READ(542901) UNTWT »RKOeZSFCsHCUT 
WRITE (6.191 )NUMEL 

WRITE(6.825) NUREL 

WRITE (62102) NUMNP 

WRITE (64¢824) NURNP 

WRI TE(60103)NUMEC 

WRITE (6s104)NCPIN 

WRITE (6-¢10S5S)9NOPIN 
WRITE(Gs106)NCYCM 
WRITE(64107)TOLER 
WRITE(6+108)XFAC 

WRITE(651700) UNTWT 
WRITE(601701) RKO 
WRITE(621702) ZSFC 
WRITE(621703) HCU! 

READ (5.553) (NUMER ON) »NPERON) sNPJRON) @NPXRON) ETRON) sRORON) » XURON) 6 


1COEDRIN) sOTR(N) »N=1 sNUREL) 
READ (Se 3) (NPNUR(M) « XORDR(M) es YORDR(M) oXLOR(M) » YLOR(M) » 


1DSXR(M)sO0SYROM) oM=t »NURNP 9 
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CEE OATH. COC4TIOROVS (OGL ICROX. MOALIIMUMAM vOTaH 
00 t4) XRRYtOhs NOTE Ins 00 14 1ORRs EAS Eka Renee See 
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Om 


550 


167 


168 


169 
171 


172 


174 


RTEM9=ETR(1) 
XTEMP=XUR(1} 


OPTIONAL CONVERSION FOR PLAN= STRAIN SOLUTION 


DO S50 N=1,.NUREL 
ETR(NI=CETRONI Z(1¢—-XUR(N) ¥*2))*(1442/10002) 
XUROCN) =XUR(INIZ (01 oe -XURIN) ) 

CONTEINUE 


GENERATION OF NOT RFAD ELCMENTS 


ONO 161 N=1leNUPREL. 
M=N+] 

IF CM=-NUREL) 16241625163 
T=NUMER(M)-NUMERIN) 
IF CI—-1)163.163.164 
L=NUMER{N) 

NUME{L JD=NUMERON) 
NPI (LJ) =NPIRIN) 
NPJ(L)=NPIURIN) 

NPK (LJ=NPKRIN) 
ET(LI=ETRIN) 
ROCTLI=RGRCIN) 

XUCL J=XURIN) 
COED(L)=COEDR(N) 
DTCLI=OTRIN) 
NPA=NPIRIN) 
NPC=NPKRONY 

K=0 

KO=2*K 

KE=2 

1O=1 ti 

00 166 JD0=2.10 
J=J0-1 

LJ=L4+J 

NUME (LJ )=NUMERCN) +3 
IF (2-KE91694168.167 
NPY (LJ) =NPA+KO 

NPJ (LJ )=NPA-1+KO 
NPK(LJ)=NPC+KO 

GG fo 174 

NPI (LJ )J=NPAtKO 
NPJ(LJI)=NPCt+KO 

NPK( LJ) =NPC+14+K0 
GO TO 174 

IF (3-KE)172,171+2166 
NPT (LJJ=NPAt+KO 

NPJ (LJ )=N9C#14+K0 
NPK(LJ)=NPC#2+KO 
GOP Tor 17/74 

NPI (LJ )=NPA+KO 

NPJ( LI) =NPC+24+KO 
NPK(LJ)=N?A414+KO 
K=K+41 

KO=2*K 

KE=0 

ET (tJ .=ETRUN 
RO(t J) =RGRIN) 
XU(LJ)=xKUR(N) 
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161 


152 


i86 
154 


188 


189 


191 


159 
158 


153 


L5.f 


COEDCLIY=CNEDR(N) 
DT(LJI)=OTRUN) 
KC=KE+41 

CONTINUE 

oO aTiOeseli5 1 
L=NUMER(N) 

NUME (LY =NUMER GCN) 
NPI (LJ =NPIRO(N) 
NPJ(LI=ENPURI(N) 
NPK (CL) =NPKRON) 
ET(LI=ETR(N) 
RO(LJ=ROR(IN) 
XU(LJ=KURI(N) 
COFD(LY=COENRIN) 
OT{LI=OTRENY 
CONTINUE 


DO 3587 N=1.NUMEL 
RETR(N)=RTEMP 
RXUR(NJ=XTEMOD 
WW(NJ=UNTWT 
CONTINUE 


GENERATION GF NOT READ NODAL PJINTS 


DQ 151 M=1.eNURNP 
N=M+1 

TFON-NURNP) 1£2,152,185 
I=NPNUR(N)=-NPNUR(M) 
GO TO 154 

I=0 

L=NPNUR{(M) 

IO=1+1 

DO 156 JO=1.I0 
J=J0-1 

LJ=L+J 
NPNUM(LJ)=NPNUR(M) 4J 
TFCI-0O) 1884188,189 
XORD(LIJI=XORODR(M) 
YORO(LJ)=YOROR(M) 


GO TO 191 

XORD (LJ) =XORDR(M)+((XGRDR(N)—XORDRI(M) )/I) €Y 
YORD(LII=YOROR(M)I+( CL YORIR(N)-YORDR(M) ZI) &U 
IF (J-0O) 158.215685159 

LECU— Te tSi 6 53. 1S6 

XLOAD(LJ)J=XLOR(M) 

YLOAD(LJI)J=YLDR(M) 

DSX(LI)I=DSXR(M) 

DSY(LJ)=DSYR{IM) 

GO4TO. 156 

XLOAOD(LI)J=XLDRIN) 

YLOAD(LJ)=YLORIN) 

DSX(LJ)=OSXRIN) 

DSY({LJ)=DSYR{(N) 

GO TO 156 

XLOAD(LJ)=0 

YLOAD(LJ)=9 

DSX(LJ)=0 

DSY(LJ)=0 

CONTINUE 
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151 CONTINUE 
862 CONTINUE 

G 
c CALCULATION OF INITIAL ELEMENT STRESSES 

DO 2000 M=1.,NUMEL 

I=NPI(M) 

J=NPJ(M) 

K=NPK(M) 

H1=YOPROlJ)-YORD(I1) 

H2=YORD(K)-YORD(I) 

HILA=ABS(HI}) 

H2A=AAS(H2) 

I Fale AreGi e020) DY=H1A 

IFC H2Ae¢GT e000) DY=H2A 

HMAX=YORD (1) 

IF (YORD( JS) eGEeHMAX) HMAX=YORD( J) 

IF CYORD(K)eGEeHMAX) HMAX=YORD(K) 

YELE (M)=HMAX-—(DY/20) 

DFPTH(M)=ZSFC-YELE(M) 

SIGEY(M)=UNTWT *#DEPTH(M) 

SIGEX(M)=RKO*SIGEY(M) 

RAD(M)=A3S(SIGEY(M)—SIGEX(M)) 

ETMAX{(M)=RAD(M)/26 

IFC SIGFY(M) eGE eSIGEX(M)) ELSMAX(M)=SIGEY(M) 

TFC SIGEX(M) GE eSIGEY(M)) ELSYAX(M)=SIGEX(M) 

IFC SIGEY(M) eLEeSIGEX(M)) ELSMIN(M )=SIGEY(M) 

IFC SIGEX(M) eLEeSIGEY(M)) ELSMIN(M)=SIGEX{(M) 
2000 CONTINUE 


TE(T1) 9$51.5523551 
55¢ WRLYE(62110) 
WRIELTE (692) (NUMECN) sNPION) eNPUCN) »NPK (ND s RETRIN) sWWIN) eRXUR(N) 5 
1 SIGEY(N) sSIGEX(N) sETMAXUN) 9 N=1.NUMEL) 
551 CONTINUE 
C CALCULATION OF INITIAL NODE STRESSES 
Cc 
DO 1001 M=1eNUMNP 
DEPTH{(M)=ZSFC—-YORD(M) 
SIGLYCMI=UNTWT FDEP THM) 
SIGIX(MI=RKO*KSIGIY(M) 
RAD(MI=ABS(SIGIY(M)-SIGIX(M)) 
TIMAX(M)J=RAD(M )/26 
IFCSIGIY(M) eGEeSIGIX(M)) SIGMAX{M)=SIGIY(M) 
IF(SIGIX(M) eGEeSIGIY(M)) SIGMAX(M)=SIGIX(M) 
IF (CSIGIY(M) eLEeSIGIX(M)) SIGMIN(M)=SIGIY(M) 
IFCSIGIXOCM) eLE eSIGIY(M)) SIGMIN(M)=SIGIX(M) 
1001 CONTINUE 
(e 
IFC TL) 1600155160 


155 WRITE(6.111) 
WRITE (60109) (NPNUM(M) 6 XORD(M) sYORD(M)eXLOAD(M)sYLOAD(M) » 


1OSXOM) esDOSY(M) oSIGIY(M) sSIGIX(M) oo TIMAX(M}) eM=1+NUMNP) 


C 

C INITIALIZATION 

S 

160 NCYCLE=0 

NUMPT=NCPIN 
NUMOPT=NOPIN 
DO 175 L=l»NUMNP 
DO 170 M=1e9 
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(a) 


ia) 


170 


Wee 


LEG 


177 


180 


SxXlbLeM)=0.0 
SXV¥(2sMv=050 
SYX(isM)=0.0 
SYY(L*M)=0.0 
NP (tLeM)=0 
NP(L»910)=0 
NP(Le1)=L 


MOOIFICATIGN CF LOADS AND ELEMENT DIMENSIONS 


DO 180 N=1e¢NUMEL 

ET(N)=ABS(ETIN)) 

I=NPI(N) 

J=ENPJOCN) 

K=NPKON) 

AJ (N)=XORD(J)I—-XORDC TL) 

AKON) =XORO(K)—-XOROCI) 

BJCN)=YORD{( JI-YCORO( I) 

BK CN)=YORD CK )-YOROCT) 

ARE A=(AJON) *BKON)—-BIIN) ¥AK(NID D726 

IF (AREA) 70127012177 
THERM(NI=ET ON) *COED(N) ¥OT(N) Z(XUCN I-16) 
DL=AREA*RO(NI/ Ge 

XLOADCT)=THERM(N) ®(3K(N)~8I0N))/720+XLOAD(T ) 
XLOAD (J) =-THERM(N) *¥8KUN)/2¢4+XLDADLS) 
XLOAD(KJ=THERM(N) FBICN) 72 ¢+XLOAD(K) 
YLIADCTI=THERM (ON )*¥CAISONI-AKON) 72-¢+YLOADCT)-DL 
YLOAD (JID HTHERM(N) ®AK O(N) Z2 e+YLOAD(SI-OL 
YLOAD(KY=—-THERM(N) AION) /20¢+4+YLOAD(K)—DL 


FORMATION OF STIFFNESS ARRAY 


DO 200 N=1+NUMEL 
AREA={AJ(N) ¥*¥BK(N)-AK(N) *#BJ(N))¥25 
COMM=e 25*ET(NIZ(016-XUCN) **2) KAREA) 
A(1ls1)=BJ(N)-BK(N) 
A(1.2)=0.0 
Alts3)=BKI(N) 
A€1.4)=0.0 
A(1.5)=-BJCN) 
A€1s6)=0-0 
Al221)=0-.0 

Al2+s2) =AK(N)—-AJC(N) 
Al2.3)=0-0 
A(2204)=-AK(N) 
Al2:5)=0-0 
AlC2e¢6)=AJ(N) 
A(3s1)=AK(N)I-AJCN) 
A(3e2)=BJ(NI-BKON) 
A(353)=—-AK(N) 
Al3e4)=B8K(N) 
A€3+5)=AJICN) 
A(3+6)=-S8J(N) 
Bt1+s1)=COMM 
B(1+2)=COMM*XUC(N) 
B(1.3)=0.0 
B(291)=COMM*XU(N) 
B(2.2)=COMM 
B8(2+3)=0.0 
B8(321)=040 
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B(322)=0.0 
BC3s3)=COMM*€ (1 2—XU(N) ) #065 


DOP LE 2 sd= 146 

DO, 1825=1,43 

SUT di) =060 

DOV1IB25 K=1453 

SCT sJI=RS(T syd +B I sKIFA(K J) 
DOvV1 S32 pISheb 

DG FAS3er=153 

BlJsIV=S(I6N) 

DO 184 J=1.6 

DO 184 [=1.6 

SCT 5 3)=060 

DO 184 K=153 

SCLTsJV=STIL sIIAEB( Ie K)¥AC KSI) 


EM(1)=NPI(N) 

LM(2)=NPIIN) 

UM(3)=NPK(N) 

DO 200 L=1.3 

DO 200 M=1.3 

LX=LM(L) 

MX=0 

MX=MXK41 

ITF ONP(LXeMX)-LM(M)) 1905195.190 
ITFOCNPCLXoMX)) 19541955185 
NP{LXeMX)=LM(M) 

IFCMX-10) 196,702,702 
SXX(LXoMXI=ESKX(L XeMXIV4SC 2 #1 —-1,2*%M—1) 
SXY (LX sMXI=SKY(LXeMX)4+S(02*L—-152 eM) 
SYX(LXeMXJ=SYX(LXoMXI+4+S(2¥%L 5 2*M—1 ) 
SYY(LXeMXJ=SYVY (LX oMX)4+S02 *L 5 2*M) 


COUNT OF ADJACENT NODAL POINTS 


DQ 206 M=1 eNUMNP 

M X= 1 

MX=MX+41 

IF (NP&MsMX)) 20622065205 
NAP(M)=MX~—1 


INVERSION OF NODAL POLNT STIFFNESS 


OO 210 M=1.+NUMNP 
COMM=SXX(Meol)®SYY (Mol )—SXY (Mel) *SYX(Me1) 
TEMP=SYY(Me1)/7COMM 
SYY@Mel)=SXX(Moe1)/7COMM 

SXX(Me1)=TEMP 

SXY(Ms1)=—-SXY(Ms1) 7COMM 
SYX(Me1)=-SYX(M,1)/COMM 


MODIFICATION OF BOUNDARY FLEXISILITIES 


WRITE (60112) 
IF{NTRR~-1) 871298726872 


READ(524) (NPB(L) eNFIX(L)»SLOPE(L )sL=!} eNUMBC ) 
WRITE (604) (NPB(L)I »sNFIX(L) »-SLOPE(L) »L=1sNUMBC) 


CONTINUE 
DO 240 L=l»sNUMBC 
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M=NPB(L) 
NP(Ms1)=0 
TFCNFIX(LI-1) 225,220,215 


C=(SXX (Ms 1) *SLOPE(LI-SXY(Mo1))/(SYX(Mol) *SLOPE(L)-SYY(Mel)) 
R=1.e-C*SLOPE(L) 
SXX€Ms1)=(SXX(Me1)-C#SYX(Mel))/R& 

SXY (Me 1LI=(SKY(Mo1)-C¥#¥SYY(Mel))/R 
SYX(Me1l1I=SXX( Mel I*XSLOPE(L) 

SYY(Me 1)=SXY( Mol) *SLOPE(L) 

GO TO 240 

SYY(Ms LI=SVYO(Ms1 )—SYX(Mo1) *SXY (Me 1)/3XX (Mol ) 
GO TO 230 

SVY(Ms1)=0.0 

SXX(Me1)9=020 

SKY(Meo1)=000 

SYX(My1)=040 

CONTINUE 

ITERATION OF NODAL POINT DISPLACEMENTS 
WRITE (60119) 

SUM=0.20 

DO 290 M=1.NUMNP 

NUM=NAP(M) 

TF (SXX(Mo1)4+SVY(M%51)) 27552900275 
FRX=XLOAD(M) 

FRY=YLOAD(M) 

DO 280 L=2,NUM 

N=ENPOMeL) 

FRX ZFRY-SKXX (MoI) tDSK(N)-SKY(MeL ) *DSY(N) 
FRY=FRY-SYX(MelL) ¥OSK(N)-SYY( Mel) *DSY(N) 
OX=SXX (Mol) *¥FRX4SXV(Mo 1) ¥FRY-DSXK(M) 
DY=SYX (Mel) *¥FRXESYY (Mel )*FRY-OSY(M) 
DSX(M)=DSX(M)+KFAC#DX 

DSY (M)=DSY(M)4#XFAC#DY 

IF (NP(Mel)) 2855290.285 

SUM= SUM#ABS(DX/SSXX(Mp1))4+ABS(DYSSYY(Mel) ) 
CCNT INUE 

CYCLE COUNT AND PRINT CHECK 
NCYCLE=NCYCLE+1 

IF (NCYCLE-NUMPT) 305,300,300 
NUMPT=NUMPT 4NCPIN 

WRITE (6.120)NCYCLE»sSUM 

IF {SUM-TOLER) 40044005310 

IF (NCYCM-NCYCLE) 400,400,315 

IF (NCYCLE-NUMOPT) 244.320.4320 
NUMOPT=NUMOPT+NOPIN 

PRINT GF DISPLACEMENTS AND STRESSES 
WRITE (6099) 

WRITE(6,.100) 

WRITE(6e121) 

WRITE (65122) (NPNUM(M) eDSX(M) eDSY(M) »M=1sNUMNP ) 
WRITE(6.7188) 

FORMAT (1H1 e2XeS2HSTRESS CHANGES WITH TENSION POSITIVEsANSWERS IN K 
1SF //) 


WRITE(69123) 
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O00 420 N=1.NUMEL 

I=NPI(N) 

J=NPJON) 

K=NPK (N) 

EPX=(AJ(N)-BKON) )*90S5X(1)4#BK(N)D*OSX(JI-BICN) #OSX(K) 
EPY=(AK(N)—-AJ(N) )*DSY(I)-AK(N) #OSY¥( JS) #AJI(N) ®OSY (K) 
GAM= (AKIN) -AJ(N) )*® OSX (IT I-AK IN) *DSK OS) FAS OND DSK (K) 


1+ (BJCN)-BKON) ) *DSYC1T)#8K0N) *9SY(5)-BU(N) FOSY(K) 


COMMA=ETINIZ (01 o—XU(N) ®*2)*(AI(N) ¥BKON)-AKON) €BJ(N))) 
X=COMM*(EPX+#XU(N) COPY) +THERMUN) 

XFECN)=—-X+SIGEX(N) 

Y=COMM* (CEPY4XU(N )*EPX)+THERM(N) 

YFECN)=-Y+#+SIGEY(N) 

XY=COMM €GAM¥( 1 6—XU(N) )*25 

KYFE(N)=XKY 

SIGXX(N)J=X 

SIGYY(N)=Y¥ 

SIGXY(N)=XY 

C=(X#¥) 72.0 

CFE(N)=(XFEC(N)+YFE(N) ) 726 

R=SQRT(((Y¥-X)/4260)**2+XY%*2) 

RFE CNI=SORT(C(YFECN)-—XFEON) ) 7/20) ®®24KYFECN) &*2) 

XMAX=C+R 

XMIN=C-R 

XMAXFECN) =CFE(N)4#RFECN) 

XMINFE(N)=CFECN)-RFECN} 

PAFEIN) =0 0S ¥57 e29STR*ATAN( 26 *XYFE(NIS(YFEIN)—-XFEI(N) )} 

PA=005* 576 295 TAKATAN( 2e®XYS(Y—-X) ) 

IF (20e¢%#X-XMAX—XMIN) 4£0539420+420 

TFLPA) 419.420.2415 

PA=PA+4+90.0 

GO TO 420 

PA=PA-90-0 

WRITE (65124) (NUMEON) 6 Xe Va XV¥o XMAXe XMIN ePA eR) 

WRITE (622577) 

FORMATCIH1L»s10X,98HELEMENT STRESSES WITH INITIAL STRESSES SUPERIMPO 
1SED.» COMPRESSIVE STRESSES POSITIVE sANSWERS IN KSF 47) 
WRITE (60123) 

WRITE (Ge 24)0NeXFECN) se YFECN) »XYFECN) »XMAXFECN) » XMINFECN) »s PAFE(N) 
L1FE(N) eN=1e¢NUMEL) 

NORMALIZTION OF ELEMENT STRESSES 

CONST=UNTWT*HCUT 

DO 2578 N=1,NUMEL 

XFECN)=XFECUN)D/SCONST 

YFE(N)=YFECN) SCONST 

XYFE(N)=XYFECN)/SCONST 

XMAXFE CN) =XMAXFE (CN) CONST 

XMINFE(N)=XMINFEC(N) CONST 

RFE(N)=RFE(N)I/ZCONST 

CONTINUE 

WRITE(692579) 

FORMAT (3H1 »10X%-s75SHELEMENT STRESSES NORMALIZEO BY DIVIDING THRIUGH 
1 BY WYe TIMES HTe OF CUT 4/) 

WRITE (62123) 

WRITE (69124) (NoXFECN) eYFECN) eXYFECND oe XMAXFE(N) s XMINFECN) ee PAFE(N) » 


LREE(N)e¢N=1+NUMEL) 


WRIYTE(6%7188) 
WRITEC6s 823) 
DO 900 M=l1eNUMNP 
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X=O6 

Y=0-6 

XY=O06 

SH X= Ole 

SRY=0-6 

R=O6 

DO 860 N=1~eNUMEL 
I=NPI(N) 
J=NPJION) 
K=NPKO(N) 

IF (M-1) 830,850,830 

830 1F (M-J) 83545845,835 

835 IF (M-K) 860.8404360 

840 I=NPK(N) 

K=NPI(N) 
GO TO 850 

845 T=NPI(N) 
J=NPITN) 

850 AA=ABS(XQRD{( J) +XORD(K )—-2e*XORD(1)) 
BB=ARS(YORD( J) ¢YORD(KI-2.4YGRD(I)) 
RY=BB/TAAtHB) 

SRY=SRY+RY 
V=YtSIGYY(N) RY 
RX=AA/(AA+8B) 
SRX=SRX+RX 
X=X+SIGXKXON)*RX 
R=Rele 
XY=XY+SIGXY(N) 

860 CONTINUE 
X=X/SPXK 
XFCM)=—X4SIGIX(M) 

Y=Y/SRY 
YF(M)=-Y+SIGIY(M) 
XY=XY/R 
XVYF(M)=XY 
C=(X+Y)/26 
CFCM)=(XFCMI4YF(M) 726 
R=SQRT(CLY—X) 420) **24XVK KO ) 
RF (M)=SQRTCCCYFCM)—XFCM) 4202 **24+XVYF(M) €¥E2) 
XMAX=C4#R 
XMIN=C-R 
XMAXF (M)=CF(M)+4RE(M) 
XMINF (M)=CF(M)—-RF(M) 
PA=0e5*57¢29S57BKATANL 2 a ®XYS(Y-X) ) 
PAF (M)=025*57 6295 78¥#ATANL 26 *®XYFIM)/S(CYF(CMI—XF(M))) 
TF (26*®X—XMAX—XMIN) 80528202820 
805 IF (PA) 81028203815 
B10 PA=PA+90. 
GO TO 820 

815 PA=PA-90-6 

B20 WRITE (69124)1(MeXsVeXVs XMAXoXMINS PAs 2) 

900 CONTINUE 


WRITE(6,926) 
925 FORMATCLH1 e1OXes97HNODAL STRESSES WITH INITELAL STRESSES SUPERIMPOSS 


1DsCOMPRESSIVE STRESSES POSITIVE, ANSWERS IN KSF 44) 
WRITE (62823) 

WRITE (60124) (Ms XF(M) 6 YFIM) eo XYF IM) eXMAKXF(M) os XMINF(M) ,PAF(M) REC M) 
1M=1.NUMNP) 

WRITE (6.927) 

WAI TE (62823) 
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FORMAT( 1H1s10XeS7HSTRESSES NORMALIZED BY DIVIDING BY WTe TIMES HT. 
1 OF CUT 47) 

CONST=UNTWT*HCUT 

00 928 M=1».NUMNP 

XF (M)=XF(M)/CONST 

YFOM)=YF(M) /CONST 

XYF(M)=XYF(M)/CONST 

XMAXF (M) =XMAXF (M)/CONST 

XMINF (M)=XMINE OM) /CONST 

RF (M)=PF(M)/CONST 

CCNTINUE 

WRITE (60124) (Me XFUM) 6 YF OM) + XYF (OM) ¢XMAXFIM) sXMINE(M) sPAF(M) sRE(M)s 
1M=14NUMNP) 

IF (SUM-TOLER) 440,440,430 

IF (NCYCM=-NCYCLE) 44054402243 

WRITE (66975) SUMsTOLER 

FORMAT ( SHOSUM=1E1566s6HTOLER=1LE15 05) 


PRINT OF ERRORS IN INPUT DATA 


WRITE (6s711)N 
GO TO 925 
WRITE(62712)LX 


FORMAT STATEMENTS 


FORMAT (814,26126551F4.0) 

FORMAT 2X e41453F1264%463F12e2) 
TORMAT(414s,4£1264,F 54%) 

FORMAT (114.2F80l+s1F8.241FB80242F12-.39) 
FORMAT (214,1F8e3) 

FORMAT (3615.8) 

FORMAT (1H1) 

FORMAT(18A4) 


FORMAT (30HONUMBER OF ELEMENTS =114/) 

FORMAT (30H NUMBER OF NODAL POINTS =114/) 

FORMAT (30H NUMBER OF BOUNDARY POINTS =114/7) 

FORMAT (30H CYCLE PRINT INTERVAL =114/) 

FORMAT {30H OUTPUT INTERVAL OF RESULTS =1147) 

FORMAT (30H CYCLE LIMIT =1147) 

FORMAY (30H TOLERANCE LIMIT SLE12¢4/) 

FORMAT (30H OVER RELAXATION FACTOR =1F623) 

FORMAT (118e2FIl 2ele2Fi2e2s 2Fl20¢8s3F 12e 2) 

FORMAT (99H1ELe I IF oaks E(PSI) DENSITY(KCF) POISSON 
ISIG—Y-INIT SIG-X-INIT TAU-MAX~-INIT ) 
FORMAT (118H1 NP X-ORD Y-ORD X-LOAD Y-LOAD 
1 X-DISP YeOIESP SIG-Y-INIT SIG-X-INIT TAU-MAX-INIT ) 
FORMAT( 20H BOUNDARY CONDITIONS) 

FORMAY (34H0 CY CCE FIRCE UNBALANCE) 


FORMAT (1112+1620-46) 
FORMAT (C@2HONODAL, POINT X=DISPLACE MENT Y-OL[SPLACEMENT ) 


FORMAT (111252515646) 
FORMAT(2X+4HELNO 2X eBHX-STRESS 4XeBHY-STRESS 3XsGDHXY-STRESS 3X,10H 


IMAX—-STRESS 3XelOHMIN-STRESS 4Xs9HDIRECTION 2Xe16HMAX SHEAR STRESS 


2t¥) 


FORMAT( 115s 3E12¢594E1365) 

FORMAT (32H0 ZERO OR NEGATIVE AREAs ELeNOe =114) 

FORMAT(3Z3HOOVER & NePe ADJACENT TO NePe NOetiI4) 

FORMAT (2Xe4HNODE 2XeAHX-STRESS 4Xe¢BHY—-STRESS 3X ¢s9HXY—-STRESS 3Xs10H 
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1MAX—-STRESS 3Xs1O0HMIN-STRESS 4Xs9HDIRECTION 2X%s16HMAX SHEAR STRESS 


2 v/) 

824 FORMAY (30H NUMPER OF READ NODAL POINTS =114/) 
825 FORMAT (30H NUMBER OF READ ELEMENTS =1147) 
201 FORMAT (4F10.3) 
1700 FORMATCZOHUNIT WEIGHT IN KeCeFe= F10.3/7 3 
17OL FORMAT ( 30HKO= F1l0.3/) 
L702 FORMAT {(ZOHELEVATION OF GROUND SURFACE= Fl0.3/) 
1703 FO?RMATC3ZOHDEPTH OF CUT (FTe) = F1l0.3/) 
925 STOP 

END 


CC tOk edo poke Re tOkeC HK DATA CARDS FOR A TYPICAL PROBLEM 2% 4% kK KH RK Hk 
WILSON 1963+sGRID FeE=10 KSI eU=02304¢K0=2e90 EL/SE=0-10 


800 28 455 46 59 5 3003900 1.601 1.85E00 
021580 2-000 400.000 20040900 

1 43 42 i e1£05 eOStOL 
8&0 Bl 41 82 e1E05 e03E01 
81 84 83° 42 elEOS oO SO 
LGGret 2 2 966i2 123 e1EOS e03E01 
V6Nee 25124583 elEO4 eO3E9N1 
240 163 123 164 el E04 eO93501 
241 166 165 124 elEOS eOSEOL 
320 204 164 295 el f95 e0 3E01 
Selene 2 OG l6S e1EOS eO03£01 
368 229 189 230 e1fO0S eO3FEO1 
236923252451 206 e1£0S eO3EO1 
416 254 230 255 elfOS eO3EO1 
Ne 257 256 231 elE05S eO3E01 
464 279 255 2890 e1E£05 eOSENL 
465 282 281 256 e1£05 e03E01 
512 304 230 3U5 eifO05 eO3FO01 
5139307 8306281 elLEOS e03E0} 
560 8329 9305 330 elEOS 2 O3E01 
561 3332 #331 306 elf05 eO3E91 
608 354 330 355 e1lEOS eO03E01 
509 W357 9356 331 e1lE0S 003501 
656 379 355 380 eLEOS e03E€01 
657 382 381 356 e1EOS eOSEO1 
704 404 380 405 eiE05 eO3EO1 
705 407 406 381 elLEOS eO3E01 
752 429 405 430 elE0S e03E01 
753 432 431 406 e1E05S eO3EO01 
800 454 430 455 eifOS eO3EO1 


41 1600.0 


42 80.0 
82 1600-0 80-90 
83 140.0 
123 1600-0 140.0 
124 150.0 
164 1600.0 150.0 
165 200-0 
i189 960-0 200.0 S854«00 600-00 
190 1000.20 20020 1200-200 
19} 1040.0 200-0 1200.90 
192 1080.0 200.0 1200.00 
193 1120-0 200.0 1200-200 
194 1160-0 200.0 1200.00 
195 1290-0 200.0 1200.00 


196 1240-29 200-0 1200-90 


* if 7 
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